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sea and onto the land 


We will start at the very beginning of the story of vertebrate evolution. By the end of this course, we will have 
learned where our skeleton comes from, how we adapted to swim and bite, and how vertebrates came out of the 


CLOSEST RELATIVE OF LIVING VERTEBRATES — 


Do sea ioen which al these Bahgeia Shale dcinats is tought 
‘10 be the closest relative of living vertebrates? 





ago. 


Illustration 1 : Hatkouichthys 


Haikouicthys is a Cambrian vertebrate from China that lived about 525,000,000 y ago. The earliest land 
vertebrates evolved almost 400,000,000 y ago. And the first dinosaurs did not evolve until around 240,000,000 y 
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Illustration 2 : Dunkleosteus 


The major innovation for this group was the acquisition of armor. 


ENAMEL 





In very early vertebrates, none of the bone enclosed any of the bone producing cells as it does in later 
vertebrates. 








Illustration 3 : Placoderm Illustration 4 : 7iktaalik 


Most scientists today consider Placoderm to be of the most basal group of jawed fishes. 7/ktaa/ik did push-ups 
to get its spiracles and nostrils clear of the surface of the water to take in air. Each of us is walking proof of a deep 
ancestry that traces all the way back to the Devonian, Silurian, and even Cambrian. it is our hope that after this 
course you have become more acquainted with your inner fish. 
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The Phanerozoic Begins 
1 Vertebrate Origins 


We belong to a group of organisms called vertebrates, animals with an internal bony skeleton. You may be 
familiar with some of the famous fossil vertebrates you can learn about in our other ‘University of Alberta’ online 
courses, like dinosaurs. However, the animals we will look at in this course are much older. We can trace our 
vertebrate ancestors back more than 500,000,000 years. 


What did these earliest ancestors look like? Where did they live? How did they 
give rise to the animals that we are familiar with today, including ourselves? 


In this lesson, we will start at the very beginning of the story of vertebrate evolution. By the end of this course, 
we will have learned where our skeleton comes from, how we adapted to swim and bite, and how vertebrates came 
out of the sea and onto the land. Let us get started. 


First, let us review a few terms. In this course, we will be assuming that you have a basic understanding of the 
mechanisms of evolution, and that you know how to interpret a phylogenetic tree. We will also assume that you are 
familiar with the concept of geologic time and plate tectonics, and that you have learned how fossils are formed 
and preserved. Finally, you should be familiar with at least some basic vertebrate skeletal anatomy. If you are not 
sure about any of these topics, or if you would like a refresher of some terms and concepts, you may want to look 
at the material in our course ‘Dino 101.’ If you see any terms that you are not sure of, you can also check out our 
glossary. 


1.1 Chordate 


Humans, other mammals, reptiles, birds, amphibians, and fish are all part of a large clade of animals called the 
vertebrata or vertebrates. You probably already know that the clade is a group of organisms that includes the 
common ancestors of the group and all of its descendants. Vertebrates are part of a larger clade called the 
Chordata, which is a group of animals with a stiff cord in their back. 


For a mini grammar lesson, the plural of fish can be fish, as the plural of sheep is sheep, or fishes, as the plural 
of wish is wishes. Fishes is usually used when you are talking about more than one kind of fish. Therefore, if you 
have a bucket of trout, you would say you caught some fish, but if you have a bucket with some trout, some perch, 
some bass, and some pike, you could say you caught some fishes. Let us try a quick quiz. 


Which of these animals do you think is most closely related to humans, and Is also 
a member of Chordate? 

A. Clam C. Sea squirt 

B. Jellyfish D. — Lobster 


You might be surprised to learn that you share anything in common with sea squirt. Sea squirts, biologists call 
them tunicates, are more closely related to humans than they are to these other ocean dwelling animals. 





Illustration 5 : Sea squirts 


Adult sea squirts may not particularly look fishy enough to be related to vertebrates. Most sea squirts attach 
themselves to a spot on the sea floor as adults and filter food particles out of the water around them. However, 
juvenile or larval sea squirts can swim freely or float in the water, and have a very different appearance. 


-9- 


Paleontology - Early Vertebrate Evolution 


1,1,1 Notochord 





Larval sea squirts have a structure called a notochord, which is a stiff, but flexible rod made out of fibers of the 
material called Collagen. A notochord is a useful thing to have, because it provides an anchoring point for muscles 
to attach to, and pull against. The notochord is the beginning of the vertebral endoskeleton, or internal skeleton. 
This is different from the hard exoskeletons, or external skeletons, found in invertebrates like crabs, spiders, and 
insects. Eventually, the notochord was structurally replaced by the vertebrae of your backbone, but even you had a 
notochord for a little while, when you were a developing embryo. The fact that we can see a remnant from the 
early days of our chordate ancestors in our embryonic development is just one of the amazing ways that 
developmental biology contributes to our understanding of evolutionary processes, and our evolutionary history. We 
will see many more examples of this throughout the course. 


1,1,2 Hollow Dorsal Nerve Cord 


HOLLOWRORSAL NERVE CORD 
*y 





Above the notochord is another one of the important features you found only in chordates; the hollow dorsal 
nerve cord. Some animals, like earthworms and insects, have a nerve cord that is solid and located ventrally in the 
animal. Therefore, it runs along the belly. However, chordates have a nerve cord that runs along our back dorsally. 
Because of the way it forms, rolling up from the sides, it is hollow. It sits above the notochord, and has nerves that 
branch out to send commands to muscles along the body. In humans, the dorsal hollow nerve cord is enclosed by 
the vertebrae of our backbone, which is properly called the vertebral column, but you may also know it as the 
spine; therefore, it is called the spinal cord. 


11,3 Synapomorphy 


Apomorphy Plesiomorphy Autapomeorphy 





Ancestral trait (Q) 
Derived trait (@) 


-10- 


Paleontology - Early Vertebrate Evolution 


Let us take a break from chordate features for a minute, and talk about what we mean when we say that a 
feature is modified to become something else. This is an example of something called homology. Homology 
describes a shared ancestry between two or more different features, or traits in different organisms. Homologous 
traits or homologues are traits that are descended from similar traits in a common ancestor. When the homologous 
feature is only shared by some of the members of a larger group, it is a shared derived character, called a 
synapomorphy. 


For instance, humans and birds are both vertebrates. We inherited our skeletons from a common vertebrate 
ancestor, which we share with all other vertebrates. Therefore, our skeleton is homologous with that of birds. 
Humans and kangaroos are both members of a smaller group within vertebrates called mammals, and we share fur 
with kangaroos, which birds do not. Because we, kangaroos, and all other mammals inherited fur from a common 
ancestor, which was more recent than the ancestor that we share with birds; therefore, fur is a synapomorphy of 
mammals. 


1.1.4 Convergent Evolution 


Tayiacinus cynocepnaits Canis. lupus 





The skulls of the thylacine (left) and the grey wolf, Canis /upus, are similar, although the species are only very distantly related (different 
infraclasses). The skull shape of the red fox, Vu/pes vulpes, is even closer to that of the thylacine. 


On the other hand, convergent characters are characters that appear similar, but arose independently and are 
not derived from a common ancestor. Convergent evolution often results in analogous traits. Analogous traits, or 
analogues, are traits that may be similar due to a shared function, but they are not descended from similar traits in 
a common ancestor. Insects and birds both have wings, but they did not inherit their wings from a winged common 
ancestor. Therefore, insect and bird wings are analogous traits. 
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L115 Analogues Features 





For another example, let us look at the wings of birds, bats, and Pterosaurs, with which you may be familiar. If 
we look at these animals on a simplified phylogenetic tree, we can see that the last ancestor these animals shared 
was a primitive terrestrial tetrapod with walking limbs. These animals did not inherit their wings from a single 
common winged ancestor. The wings evolved independently in these distantly related lineages. The wings are 
therefore convergent, or analogous features. 


1.1.6 Homologous Features 


se SS 


analogous 





On the other hand, look at their arm bones. They all have the same limb bones: humerus, radial, carpals, 
metacarpals, and phalanges. These bones are also arranged in the same way in all three limbs, even though the 
Shapes of some of the bones are different. If we look at the limbs of their terrestrial common ancestor, we can see 
that it had these same bones in the same arrangement. The bones in the arms of these animals are all similar in 
this way, because they inherited them from their common ancestor. Therefore, the limb bones are homologous 
features. These limbs have been modified through the process of natural selection from their ancestral terrestrial 
limbs to function for flight, forming analogous structures. It is important to remember when we talk about 
homologous and analogous traits, that the same feature can be homologous at one level and analogous at another. 
These features are analogous as wings, but homologous as limbs. In the same way, many of the traits we see in 
our earliest recorded ancestors are homologous, with many of the features we see in vertebrates today. However, 
several had to be modified over time from their ancestral forms. 


1.1.7 Pharyngeal Slits 


DORSAL HOLLOW NERVE CORD wee 
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Let us return to our chordate relatives. We have discussed the notochord, and dorsal hollow nerve cord that are 
features found in all chordates. Therefore, these are homologous characters within vertebrates. Even though in 
adult humans, the notochord is essentially no longer present. It has been functionally replaced by our vertebral 
column. If you were to cut a larval sea squirt in half, down the length of its body, and look at the interior part of its 
body, you would be able to see a series of narrow openings. These are pharyngeal slits, which become the gill 
openings in fishes. Pharyngeal refers to the region around the throat or pharynx. In fishes, like this shark, the gills 
are used for respiration, transferring O into the bloodstream. Sea squirts use their pharyngeal slits for eating. They 
bring water into the pharynx and filter food out of it, and then expel the excess water. 


There is some evidence today that pharyngeal slits might actually pre-date chordates, and be present in the 
larger group that encompasses all the chordates, the hemichordates, and the echinoderms. Hemichordates include 
acorn worms, while echinoderms include starfish and sea urchins. For now, we will consider pharyngeal slits to be 
one of the characteristic features of chordates. Terrestrial chordates lost their gills, but again, if you look at a 
human embryo, you will see the beginnings of the pharyngeal slits for a little while during development. 


1,1.8 Endostyle 


Statocyst Ceretra oss Adnal siphon (blocked) 


Brenciial pohor 
Boched |} 
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The fourth unique feature of chordates is one of the weirdest, but also one of the most important. This is a 
structure called an endostyle. The endostyle is a long groove on the bottom side of the pharynx found in sea squirts 
and some larval vertebrates like the lamprey. The endostyle is lined with tiny, hair-like structures called cilia. These 
spread a coating of mucous that is secreted by cells which traps food particles. Recent evidence suggests that the 
endostyle is homologous with our thyroid gland. Since the thyroid gland regulates our metabolism, we owe a lot to 
the humble endostyle. 


1,1,9 Post-Anal Tail 


ARIS, 





post-anal tart 


Our final unique feature for chordates is one that might not seem like it is very special, but it is found only in 
this group. In many animals, the digestive system ends at the anus. The anus is located at the very end of the 
body. Therefore, if you think of something like an earthworm, the mouth is located at one end, and the anus is 
located at the very tip of the body at the other end. Now, chordates have a post-anal tail, meaning that the 
muscles and skeleton of our bodies continues beyond the end of the digestive tract. Humans do not have tails 
when we are born, but we do have tails as embryos. Sea squirts and humans look very different. They took very 
different evolutionary pathways that led to very different lives, but we still have some features in common during 
our early embryonic development. Those shared features show our shared evolutionary history as chordate 
animals. 


Now that we have looked at what chordate features we have in common with a sea squirt, let us think about 
what makes vertebrates unique within the chordate group. 
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1.1.10 Vertebrate Synapomorphy 
Which of these features do you think are unique to vertebrates, but not 
chordates? 

A. Pharyngeal slits C. A post-anal tail 

B. | A head and brain anterior to the notochord D. Bones 

More than one answer maybe correct; check all that apply. 


Pharyngeal slits and a post-anal tail are found in all chordate animals. Since vertebrates are a subset within 
chordates, we do not consider these features unique to vertebrates. Only vertebrates have a head with a brain 
located anterior to the notochord and have bones. Therefore, B and D are correct. 


1.1.11 Bone And Cartilage 





Illustration 6 : Haikoutchthys 


Vertebrates built on the basic chordate body plan with new evolutionary innovations. Let us look at a 
hypothetical early vertebrate, something similar to Ha/kou/chthys. It is a Cambrian vertebrate from China, which 
lived about 525,000,000 y ago. The earliest land vertebrates evolved almost 400,000,000 y ago, and the first 
dinosaurs did not evolve until around 240,000,000 y ago. The earliest modern humans did not evolve until about 
200,000 y ago. Therefore, when I refer to the early vertebrates as our ancient ancestors, I mean really ancient. 


Haikouichthys does not look very much like us, but in several ways it is closer to us than it is to a sea squirt. 
One of the most obvious differences is that vertebrates have a distinct head and brain at the anterior end of the 
body, which extends out past where the notochord ends. In primitive chordates, both the nerve cord and the 
notochord extend all the way to the front end of the animal, but in vertebrates, the nerve cord grows and expands 
at the front end, resulting in reaching further forward than the notochord. Your brain is an expansion of this end of 
the dorsal hollow nerve cord found in all chordates. 


Part of this expanded nervous tissue is associated with sense organs, such as your eyes, nose, and sound 
receptors. In order to house this expanded bulge of neural tissue, the anterior end of the vertebrate bodies became 
enlarged into a distinctive cranium head. The brain and nerve cord are fragile and could be easily damaged, but 
they are protected by new kinds of tissue: bone and cartilage. Cartilage can be found in your nose, your ears, 
windpipes, and joints. Sometimes it is fairly flexible, and other times it is quite stiff. 


Bone is a mineralized tissue that is made of the mineral Calcium hydroxyapatite and Collagen. 
Calcium hydroxyapatite confers compressive strength, and Collagen confers tensile strength, meaning the bone can 
withstand both pushing and pulling forces. Your bones form the rigid support for your muscles to pull against 
allowing muscles to move parts of your body. You might think that all of your bones formed in the same way, but 
there are actually different classes of bone that develop in different parts of your body. Most of the bones in your 
skeleton start out as cartilage in the embryo, and then the cartilage is replaced by bone. This is a process called 
ossification, which occurs during growth. These bones are called endochondral bones. Endochondral bones include 
the bones in your arms and legs, your pelvis, your vertebrae, and some parts of your skull. 


Another mode of bone formation is intramembranous ossification, where bone forms without the need for a 
cartilage scaffold. Some of these intramembranous bones are called dermal bones, because they ossify some of the 
tissues in the skin layer called the dermis. Your flat skull bones, and many of the bones in your face, your clavicles, 
the spikes and plates of a stegosaurus, an armadillo's shell, and the shark's scales are all examples of 
intramembranous dermal bones. Many early vertebrates had extensive dermal armor covering their entire bodies. 
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In the fossil record, we can see the evolution of bone from non-ossified chordates, to ossified vertebrates; and 
therefore, we tend to think of bone as one of the defining characteristics of vertebrates. However, it might be more 
accurate to think of the defining characteristic of vertebrates in terms of the developmental process that forms 
bone. 


1.1.12 Neural Crest Cells 


As embryos, vertebrates have a unique set of cells called neural crest cells, and these cells are a jack of all 
embryonic trades. When you were an embryo, neural crest cells first formed along the edges of your dorsal hollow 
nerve cord, they then migrated around your embryonic body and changed into new kinds of cells. The neural crest 
cells in the anterior part of your body form the cartilage and bone of your skull, and the cells in your nerves. They 
are associated with your sensory organs like your eyes and ears. 


Dorsally, along your back, the neural crest cells change into the pigment cells in your skin and will incorporated 
into your nervous system. The neural crest cells also help form many of the hormone producing organs in your 
body. Neural crest cells are probably the single most important evolutionary innovation that differentiates 
vertebrates from other chordates. 


2 Vertebrate Environments 


Now that we are more familiar with what makes a vertebrate a vertebrate, let us talk about what kinds of 
environments the earliest vertebrates inhabited. Paleontology is a combination of many scientific disciplines, but in 
particular, it is a blending of the sciences of biology and geology. In order to understand how and why certain 
features evolved, we need to be able to interpret the rocks that fossils are found in. From them, we know what 
kinds of environments the animals lived in. You may be familiar with some of the depositional environments we find 
on land, but you are probably less acquainted with most of the ones we find in the oceans. Life began in the sea; 
therefore, for this course, we need to understand the different habitats and depositional environments that are 
found in the ocean. 


Where do you think you would be most likely to find fossils of marine organisms 
like fish, corals, crustaceans, or clams? 

A. Ona beach C. Onacontinental slope 

B. | Ona continental shelf D. Inthe deep ocean 


Although there might be fossils in all of these areas, we are most likely to find fossils of marine organisms in the 
Shallow waters off the coast of continents. Therefore, B is the correct answer. Beaches are high-energy 
environments, and delicate fossils can be broken and eroded here, whereas continental slopes and the deep ocean 
are hard for us to reach in order to look for fossils. 


How can you tell what the environment was like when the fossil animals were 
alive? 

We will explore that next. 
2.1 Key Fossil Localities 


Geologists and paleontologists interpret rocks to figure out the ancient environments the rocks were formed in. 
They determine this in two main ways; what the rock is made of, and what kinds of structures were preserved 
when the rock was deposited. These structures are called sedimentary structures. 





Illustration 7 : Limestone (different manifestations) 
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In this course, we will also be looking at fossils in carbonate rocks. Carbonates are any rocks that are made up 
of least 50 % Calcium carbonate. Most carbonate rock is limestone, and most limestone is made up of the shells of 
marine animals like mollusks. 


Let us explore some depositional environments, and what kinds of rocks in sedimentary structures we find in 
them by looking at some key fossil localities. We will be looking at these localities throughout the course. 


2.1,1 River Environment 


Since we live on land, we are generally more familiar with terrestrial depositional environments. Let us start 
there, with a brief review of rivers. Generally, rivers are most energetic near their sources, in highlands. Most rivers 
transport and deposit sand and mud while some, with very strong currents, may also move gravel. Lens shaped 
sand or gravel channel deposits are good indicators of a fluvial or river environment. As rivers travel over gradually 
flatter land, they lose energy, and change from straight fast deep channels to meandering rivers with shallower, 
wider channels. Because they have less energy, they are able to transport less material, and therefore, they deposit 
more of the sediment they were carrying. 


If we follow a river all the way to its end, we often end up at an ocean or sea, or maybe a very large lake. For 
this course, we will mostly be focusing on marine environments. For now, we will look at rivers that empty into 
large, saltwater bodies. 


The area where a river empties into the sea may be a delta or an estuary. Both of the environments will show a 
mix between marine and continental sediments, and fossils. It is not uncommon, for instance, to find layers of 
carbonate sediments in marine shelly fossils, like clams, associated with layers of terrestrial sediments containing 
plant roots. The water here is brackish, meaning it is saltier than fresh water, but not as salty as ocean water. 
Some types of animals and plants are adapted to live in this type of water. Therefore, finding them is also a good 
indicator of the deltaic or estuarine environment. 


Depositional environments at the meeting of sea and land, like estuaries, are heavily influenced by actions of the 
tide. The rhythmic movement of the rising and falling tides creates a tidal current. This current produces some 
characteristic sedimentary structures that make it easier for geologists and paleontologists to identify ancient, 
coastal environments in the rock record. 


2.1,2 Herringbone Cross-Stratification 





Illustration 8 : Herringbone cross-stratification 


This rock has a pattern of alternating parallel layers, called herringbone cross-stratification. 


What do you think it tells us about the environment it was deposited? 
A. — The sediments were probably deposited in still water 
B. | The sediments were probably deposited in a river 
C. The sediments were probably deposited in a tidal environment 
D. |The sediments were probably deposited in deep water 


The sand was deposited in one direction, when the tides rose, and then the opposite direction when the tide fell. 
Each of these tidal layers was deposited at an angle, and together they formed horizontal beds. This tells us, these 
rocks probably represent a tidal environment like an estuary or a delta. Therefore, C is the correct answer. 
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The horizontal beds in this example are called cross-beds, and the inclined layers within them are called 
cross-strata. Together, this type of sedimentary structure is called cross-stratification. Looking at the inclined layers, 
a geologist can tell not only that the sediments were deposited in flowing water, but also the direction of the 
paleocurrent, or which way the water was flowing. This herringbone cross-stratification tells us the water flow was 
alternating regularly between two different directions. It was also laid down in an environment where the sediment 
was being deposited very fast, enough to preserve cross-stratification, like an estuary or delta. 


2.1,3 Shale 


Storms and waves on the surface can also result in sedimentary structures. When wind blows across the surface 
of a body of water like a lake, it makes the water particles move in vertical circles. We call the depth to which the 
surface waves affect a body of water, wave base. Wave base changes with the weather, being shallower in calm 
conditions. This is called fair weather wave base. The wave base gets deeper during storms, which is the storm 
wave base. If rock layers have many ripple marks, they were probably deposited in shallow water, above fair 
weather wave base. If the layers are very fine, and do not have any ripples in them, they were probably deposited 
in deep water, below storm wave base. This would be where the water was calm enough for fine sediments to be 
deposited in flat, undisturbed layers. And that could mean anything from 200 — 300 m, to 3000 m, or even deeper. 
Many fossil localities were deposited below storm wave base in calm environments, and have thin beds of fine 
sediments, usually shales. 





Based on what you know about wave depth, put these rock samples in order of depositional environment, from 
Shallowest to deepest. 


Is the correct order A, B, C; B, A, C; or C, B, A? 


The rock with the most ripples is from the shallowest environment, and the rock with the least ripples is from 
the deepest environment. C, B, A is the correct answer. 


2.1.4 Lagoons 


Some coastal environments do not have very strong tidal currents. Without the influence of these strong 
currents dominating the sedimentary environment, waves can play more of a role in depositing and reshaping 
sediments. On coastlines where wave energy is high, barrier islands and spits can form parallel to the coastline, and 
behind them are lagoons; areas of quiet, low energy water. Sheltered by the barrier island, lagoons are not greatly 
affected by currents, tides, or waves, and therefore, fine sediments can be deposited here. 





Illustration 9 : Evaporite 
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If lagoons are very shallow, enough water may able to evaporate so that the water left behind concentrates 
minerals and can become much saltier than ocean water. If the water in a lagoon continues to evaporate, these 
minerals will precipitate out of solution forming a sedimentary rock called an evaporite. Common evaporite minerals 
are Calcite, Gypsum, Anhydrite, and Halite. Calcite is a Calcium carbonate, Anhydrite is a Calcium sulfate, and Halite 
is Sodium chloride, which is what we usually mean when we say salt. These can be interbedded with mud, as the 
water level in the lagoon rises and falls as new seawater flows in periodically. If we find layers of these minerals in 
the geological record, there is a good chance we are looking at what used to be a shallow lagoon. 


Do you think lagoons could be good environments for preserving fossils? 


A. No, because the water is shallow Cc. No, because the water is warm 
B. Yes, because the water is still D. Yes, because the water is cold 


Although deep water is a good environment for preserving fossils, shallow lagoons have produced some 
excellent, beautifully preserved fossils as well. This is because the water is very still and quiet. B is the correct 
answer. 


One effect of lagoons being very still or becoming very salty is that not a lot of things can live in them. Very 
quiet, still water can easily become stagnant and anoxic, meaning; there is very little dissolved O in the water. This 
means, if something dies and sinks into an anoxic lagoon, or the anoxic bottom of a deep lake, or the ocean floor, 
there are not many animals living there to scavenge the carcass. The small grain size of these lagoonal mud and 
clay tells us that the water was very still, allowing them to slowly settle out. These very fine sediments are also very 
good for preserving fine details. This combination of still water, very fine sediments, and an anoxic environment 
means that some of the most exquisitely preserved fossils ever found, like the famous ‘Archaeopteryx’, have come 
from lagoons or lagoon-like environments. 


2.1,5 Carbonate Platforms 


If we move a bit further away from the shore, we find ourselves in progressively deeper, continental shelf 
environments. High in the ‘Mackenzie Mountains’ of the ‘Northwest Territories of Canada,’ the locality called ‘Man 
On The Hill,” or ‘MOTH,’ preserves 415,000,000 y old vertebrate fossils that accumulated in deep water on a 
continental shelf. Rocks from MOTH are a mix of finely laminated carbonates and clays, meaning, the environment 
was close enough to land for fine sediments to be deposited, but far enough off shore that most of the 
sedimentation was carbonate. As water gets deeper, there is less influence by wave action and ripples become less 
common. ‘MOTH’ was also probably anoxic, which in addition to the water being relatively deep and still, helped 
preserve the remains of the animals there, similar to a lagoonal environment. 





Illustration 10 : Photosynthetic submarine plants 


Relatively shallow continental shelf environments, like these, are where we commonly find-areas of carbonate 
deposition, forming carbonate platforms. Marine fossils, especially invertebrates, are very common here, where the 
water is shallow enough for light to penetrate with enough intensity to support photosynthesis. This range of water 
depth is called the photic zone. It can be anywhere from a few centimeters deep to 200 m deep, depending on the 
clarity of the water. Photosynthetic plants and algae, and the microscopic organisms that feed on them, flourish in 
the photic zone. These organisms are collectively called plankton, meaning that they float, and they form the basis 
of the marine food chain. Many of these organisms extract Ca and other ions from the water to form calcareous 
skeletons. These skeletons form carbonate sediments when the animals die. 
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2.1.6 Reefs 
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Illustration 11 : Coral 


It is in these shallow carbonate platform environments that we also find reefs, which are often made up of 
corals. The types of corals that build reefs thrive in high-energy environments with nutrient-rich water. The 
landward side of reefs may protect lagoons, while the seaward side of a reef will form a steeper slope leading down 
into quieter water. The steeper the slope, the less stable the slope; therefore, these steeper slopes are prone to 
underwater mudslides and slumps. 


The type of coral we find can let us know where in the reef it was from. Sturdier forms are generally located in 
the shallowest parts of the reef, where the energy of the water is high, and more delicate branching forms are 
found progressively deeper on the seaward side. Plate corals, which are able to make the most use of the least 
light, are found at the deepest parts of the reef. Reefs also provide homes for many other animals, and most of 
these are specially adapted for life in shallow water. 


As we move further away from shore, below storm wave base into progressively deeper marine segments, our 
chances of finding vertebrate fossils becomes relatively small. The slope between the continental shelf and the 
deep ocean floor is steep and unstable. Most of the sediment becomes disturbed and redistributed by slumps, 
underwater landslides, and debris flows. 


21,7 Deep Water 





Illustration 12 : Turbodite 


Turbidites are deposits that can form in many environments, but are particularly known from deep water. These 
are deposited by a special type of current called turbidity current. The ‘Burgess Shale’ in ‘Yoho National Park’ in the 
Rocky Mountains of British Columbia is probably the most famous Cambrian fossil locality in the world. The 
‘Burgess Shale’ was likely deposited by turbidity current. The fossil locality is known worldwide for its beautifully 
preserved soft-bodied animals, including one of our earliest chordate relatives. 


ice 
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2.1,8 Ocean Floor 





Illustration 13 : Chert 


Deeper still, on the ocean floor, we do not find very many vertebrates. The sediments here are mostly made up 
of the skeletons of plankton. These animals are pelagic, meaning they spend their lives floating in the water 
column. When they die their skeletons slowly sink to form mud and oozes on the sea floor, up until a certain depth. 
This mud is mostly calcareous, and the rocks they form is a pelagic limestone. The solubility of Calcium carbonate 
increases with pressure; therefore, below a certain depth the Calcium carbonate dissolves in seawater. Today, this 
pressure is found at a depth of 4,000 - 5,000 m below sea level. The sediments deposited below this depth are 
made up entirely of the remains of microscopic planktonic animals with skeletons made up of silica. The siliceous 
ooze formed by these skeletons becomes finely laminated chert. Fossils from deep marine deposits, other than 
these planktonic invertebrates, are extremely rare. 


2.2 Age Of Oceanic Crust 


What do you think is the age of the oldest oceanic crust at the bottom of the 
ocean today? 


A. 4,000,000,000 years old C. 150,000,000 years old 
B. 500,000,000 years old D. 1,000,000 years old 


Most of the seafloor throughout Earth's history has been melted and recycled into new crust, taking its fossils 
with it. The oldest ocean crust still in today's ocean is about 150,000,000 y old; therefore, C is the correct answer. 
This is still old, but not when you compare it to the oldest continental rocks, which are over 4,000,000,000 y old. 


This seafloor recycling means that even though the ocean is a huge area of sedimentation, ocean basin deposits 
make up only a small fraction of a fossil record we have today. Oceanic crust is denser than continental crust. 
Therefore, when an oceanic plate meets a continental plate, the oceanic plate sinks beneath the continental plate. 
The oceanic crust is pushed underneath, or subducted beneath the continental plate, destroying whatever fossils 
were part of it. The continental crust is therefore much older than the oceanic crust and holds more fossils. 
However, now you are thinking if the oldest crust in the ocean is only 150,000,000 y old. 


How do we have any marine fossils from the Paleozoic? 
Good question. There are two main reasons. 


1. Most marine fossils come from continental shelf deposits, which are deposits on continental crust. 


2. | When an oceanic plate gets pushed underneath a continental plate, the pile of sediments on the oceanic 
crust may be scraped off the downgoing plate and become stuck to the leading edge of the overriding 
plate. 


In some cases the oceanic crust is abducted, or pushed up, on top of continental crust when multiple plates are 
converging at a boundary. In this case, oceanic plate will again be preserved. 


3 Diversity Of Early Vertebrate Life 


At this point, we have talked about what makes a vertebrate, and given you a crash course on recognizing some 
marine vertebrate environments from the rocks we find them. As we go through the rest of the course, we will be 
looking at the vast diversity of early vertebrate life throughout most of the Paleozoic and some of the Mesozoic. To 
do that, we will have to use both biology and geology to interpret these animals and the world in which they lived 
and died. 
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Paleontologists are often described as looking back into the past of the planet and its life. Imagine that we are 
indeed looking through a kind of viewfinder into the ancient world. In general, the further back we go in time, the 
blurrier and smaller the window of the viewfinder becomes. With living animals, we can observe many things 
directly, such as their color, behavior, and habitats. Most of this information is lost with fossils. Even becoming a 
fossil is like striking the lottery. The chances of remains being preserved are very slim. After a fossil is formed, it 
needs to beat the odds repeatedly to be eventually uncovered and studied. 


There are about 500,000,000 y between the first appearance of vertebrates in the fossil record and today. 
During this time, sediments and their fossils were regularly destroyed. Therefore, it is not surprising that examples 
of well-preserved fossils become increasingly fewer and far between the older they are. Localities with exceptional 
preservation are, in their rareness, even more valuable for what they can tell us. We call these areas of exceptional 
fossil preservation Lagerstatten. Lagerstatten is a German word that literally translates to ‘storage place’, and it 
describes any sedimentary deposit that exhibits extraordinary fossils. It is only through specific Lagerstatten that 
we know anything about the earliest animals and the earliest vertebrates, because these were animals that all had 
soft bodies with no hard parts. Such localities are snapshots of life through history, affording us a brief glimpse into 
the habitat and diversity of life at specific points in time. The fossil localities we have mentioned already are 
examples of these snapshots. We will visit them again throughout this course as we follow the evolution of our 
early vertebrate relatives during the Paleozoic. Our journey begins before the Paleozoic does, however, at the end 
of the Proterozoic Eon. 


When do you think animals first evolved? Do you think it was? 
A. 3,800,000,000 years ago hs 360,000,000 years ago 
B. 640,000,000 years ago D. 120,000,000 years ago 


The first evidence of life that we have in the fossil record is that of microbes. Bacteria, and other single-celled 
organisms, dominated the earth from around 3,800,000,000 y ago to about 640,000,000 y ago. It is at 
640,000,000 y ago that we find the oldest fossil remnants of complex, multicellular organisms. Therefore, B is the 
correct answer. Life was mostly made up of microbial mats during that 3,000,000,000 y. 


To put that in perspective, imagine all of Earth's 4,500,000,000 y history was laid out on a 12-hour clock. One 
second would represent just over a 104,000 y in this 12-hour span from noon to midnight. Animals do not show up 
until after 10 PM. All animal life in evolution takes place during less than 2 h of Earth's history clock. To help you 
keep track of the events in Earth's history, and what came when and where, find an interactive geologic timescale 
for you to explore. 


Why do not you take some time here, and play around with it a bit? 


Look through the Paleozoic. See if you can find reference to the localities I mentioned before. When you are 
done, find the Ediacaran Period, when the first animals appear in the fossil record and the Cambrian Period 
immediately after. 
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Illustration 14 : Satellite image of the 'Burgess Shale’ area 
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Some of the first complex, multicellular organisms are those of the ‘Burgess Shale’ biota. A biota refers to all the 
organisms from a certain time or place. The earliest biotas with multicellular organisms are made up of soft-bodied 
organisms. We still are not sure exactly what they all were. The earliest of these biotas first appeared about 
600,000,000 y ago. These fossils are best known from Lagerstatten like ‘Mistaken Point’ in Newfoundland and the 
‘Ediacara Hills’ in Australia. They may have been the earliest animals, but most of them do not fit into any of the 
groups we have today. Some of them may also have been fungi, lichens, or even microbial colonies. 
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Illustration 15 : Kimberella 


Some strange organisms like tube dwelling ‘Cloudina’ were the first organisms to produce Calcium carbonate 
Shells. At least some of the multicellular organisms like ‘Kimberella’ were probably bilateral animals, meaning they 
had one plane of symmetry. This is different from animals with radial symmetry, like starfish or jellyfish, with 
several planes of symmetry around the central point, like a wheel. Modern bilateral animals, including vertebrates, 
have an anterior and posterior end with dorsal, ventral, and lateral sides. Many bilateral animals have distinct heads 
at the anterior end of their bodies with most of the sensory and feeling organs. 


Why do you think bilateral animals, like a fish, have heads, but radial animals like 
this sea urchin do not? 


Is it because: 

A. Bilateral animals need to eat more than radial animals 
B. Bilateral animals move best in one direction 

C. Radial animals move best in one direction 

D. Radial animals need to eat more than bilateral animals 


Animals with bilateral symmetry generally move best in one or two directions parallel to the plane of symmetry. 
Therefore, bilateral animals move forward or backward, while radial animals can move equally well in any direction. 
It is helpful to be able to sense where you are headed and what you are about to eat. Therefore, it is natural that 
the sensory and feeding organs of bilateral animals would become concentrated at the anterior end. This means B 
is the correct answer. 


Most animals are bilaterally symmetrical. One exception is living echinoderms; these are the starfish, sea 
urchins, and their relatives. However, embryonic and fossil echinoderms are bilaterally symmetrical; therefore, their 
radial symmetry is considered to be secondary. Simple bilateral forms like ‘Kimberella’ probably represent the 
starting point on the journey towards bilateral animals like us. 


Chordates, our earliest vertebrate relatives, appear a bit later in the Cambrian Period. They show up during and 
after an event known as the ‘Cambrian Explosion.’ This describes the apparently sudden appearance, after billions 
of years of microbial mats, of almost all the modern major groups of animals in the fossil record. The 
‘Burgess Shale’ and other biotas indicate that complex multicellular life had begun to diversify in the Pre-Cambrian, 
and then in the Cambrian it really took off. This is probably due to a combination of factors, such as an increase in 
the levels of O in Earth's oceans and atmosphere. That gave fuel to active, high-energy, multicellular life. Rising sea 
levels, due to the break-up of the supercontinent, provided new, fertile, shallow water environments. 
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Illustration 16 : Cloudina with borehole 


Around this time, animals also evolved hard parts. These hard parts allowed filter-feeding animals to stretch up 
from the sea floor towards the light. The hard parts also implied protection from predators. Boreholes have been 
found in the Calcium carbonate skeleton of *C/oudina;, the strange tube-like multicellular organisms from one of the 
early biotas. These are some of the first indications of competition between predators and prey. 


The “Burgess Shale’ and its nearby localities are shale deposits that likely formed below storm wave base. The 
Shales were deposited more than 500,000,000 y ago, right after the ‘Cambrian Explosion,’ at the base of a cliff 
formed by an algal reef. The hard, durable limestone cliffs of the reef probably protected the shale beds from being 
compressed and destroyed when the whole unit was thrust up as the Rocky Mountains formed. 


The ‘Burgess Shale’ animals lived on, or swam above, the sediments at the base of the cliff drop-off in still quiet 
water. Flows of fine mud full of clay minerals periodically buried the community at the base of the cliff. These clay 
minerals probably played a part in reducing the flow of O through the sediments, possibly making them anoxic and 
allowing some organisms to be preserved. 





Illustration 17 : Outlined soft tissue 


Some of the most delicate tissues, like muscles, decayed, while more resilient tissues, like the cuticle, remained 
intact. Over time, the remains were subject to pressure from more and more additional sediments. The results are 
flattened impressions of the organisms, with dark colored films made mostly of carbon, clay, or FE-rich minerals, 
tracing the outline of the soft tissues. These films allow us to see the outline of whole animals without any hard 
parts, including those that are the stem of our ancestral line. 


Look at some famous fossils from the ‘Burgess Shale.’ 
Do you know which of these ‘Burgess Shale’ animals is thought to be the closest 
relative of living vertebrates? 

A. ‘Opabinid C. ‘Metaspriggind 

B. ‘Pikald D. ‘Hallucigenid 


Remember, vertebrates are a special kind of chordate, but have specializations such as a distinct head to house 
a brain and vertebrae. One of our earliest vertebrate relatives was C, ‘Metaspriggind. *Metaspriggind had two big 
camera eyes, cartilages in the head, and vertebrae like structures in the back. The notochord ends before reaching 
the front-end of the head, implying a big brain in the front with which to process information from the eyes. These 
features clearly point to something very close to the vertebrate ancestor. 
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Some of you may have chosen ‘Pika/d in that last quiz question. ‘Pikaia and ‘Metaspriggind both had a 
notochord, a dorsal hollow nerve cord, a post-anal tail, and possibly pharyngeal slits. These are all features of a 
chordate animal, but ‘Pika/a@ does not have camera type eyes or vertebrae-like structures. ‘Pika/a’ represents an 
earlier offshoot from our ancestral line than *‘“etaspriggina. One other feature that we can see very well in both 
‘Pikald and ‘Metaspriggind is the presence of segmented muscles running all down the length of its body. Next 
time you are in a grocery store, look at the salmon steaks in the fish department. 


Do you see those Zigzag lines? 





These are the same type of bundles of muscles that we see in their Cambrian relatives. These muscle bundles 
are called myomeres. By flexing these muscles on either side of their long flat body against its notochord, both 
‘Pikaild@ and ‘Metaspriggind could weave their way through the water like an eel. It is amazing to think that some of 
our earliest relatives were such alien looking, humble, little creatures lacking any type of weapon or armor, but 
having all the basic building blocks of vertebrates. 


Now you have peered as far back in geologic time as is possible for the ancestry of vertebrate animals. You 
know what makes you a chordate, and among chordates what makes you a vertebrate. You also can interpret 
environments from sedimentary rocks. We have come a long way, but this is just the beginning. The earliest 
vertebrate animal had no more than a vague resemblance to their modern descendants. We still have a long 
journey of more than 500,000,000 y to make. We will get many steps closer in the next lessons, where we focus on 
a strange array of ancient jawless vertebrates. 
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Learning To Swim 


1 Our Fish-like Ancestors 


Knowing that we share an ancient history with dogs, birds, snakes, frogs, sharks, and all the vertebrates alive 
today, let us piece together an amazing evolutionary story. 


How did vertebrates go from worm-like marine animals like ‘Metaspriggina’, to 
the modern diversity of forms? 
In this lesson, we will continue to examine some key fossil localities that tell us about some important 


evolutionary steps in that story, which took place long before dinosaurs roamed the Earth. Our first such step took 
place when all vertebrates were fishes. 


What is a fish? 
Choose the definition that you think describes all fish. 
A. — Any animal that swims C. = Any animal with gills 
B. Any animal with fins D. None of the above 
D is the correct answer. These definitions are the kinds of things people usually say when asked the question: 


What Is a fish? 


The fact is; no single definition can set apart what we typically call fish from all other animals. All fishes are 
definitively vertebrates, but all the answers could also apply to things that are not vertebrates, like mollusks. Some 
other vertebrates like whales and dolphins swim and have flippers, but they are not fish. 


Fish is a term we will use a lot in this course, and we use it a lot in our day-to-day lives, but it is not a valid term 
from the perspective of phylogenetic taxonomy, at least not they way we use it. We generally use ‘fish’ to describe 
aquatic vertebrates that have gill openings, lack limbs with digits, and are normally ectothermic. Because this group 
excludes tetrapods, it is not a clade, or a single lineage. Such informal groups are called grades or paraphyletic 
assemblages, indicating that the group does not include all the descendants of a single lineage. Fish is still a useful 
descriptive term for any vertebrate that is not a tetrapod on the phylogenetic tree. Therefore, we will still use it that 
way in this course. 
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Let us review some basic extant fish anatomy, in case you are not familiar with aquatic relatives of ours. Like all 
vertebrates, fishes are bilaterally symmetrical, and they have a well-developed head with sensory organs. Fishes in 
general respiring using gills, are most often covered with bony scales, and propel themselves using fins. 


There are two main types of fins, median fins and paired fins. The median fins include the caudal fin or tail fin, 
the dorsal fin, and anal fin. Now there may be more than one dorsal, and one anal fin in some fishes. The paired 
fins include the pectoral fins and the pelvic fins. These paired fins are connected to, and supported by pectoral and 
pelvic girdles, at the shoulder and hip; in the same way, our arms and legs are connected to, and supported by 
pectoral and pelvic girdles. This arrangement is something we inherited from the ancestors we share with fishes. 
They are homologous structures. 
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Illustration 18 : Haitkoutchthys 


We could consider *Haikouichthys,, the Cambrian vertebrate, to be one of the very first fishes, but, it does not 
look much like the fishes we are familiar with. For one thing, it had no bony scales. You can see that it had a 
rudimentary, median fin-like structure, but nothing recognizably like a caudal fin, or any paired fins. ‘Ha/kou/chthys’ 
would have swum by flexing its myomeres against its notochord, but it was probably not a very strong or fast 
swimmer. 


The first major step in vertebrate evolution would change that; the evolution of vertebrate bone. Bone would 
have made effective armor, but it would eventually also allow for the evolution of new swimming adaptations, like 
more powerful fins and tails. To explore these adaptations, we are going to travel along the vertebrate phylogenetic 
tree. In this lesson, we will be exploring some of the earliest vertebrates, those without jaws. 


One thing you may have noticed about the phylogenetic tree is that there are many branches representing 
extinct groups, or taxa, that you may have never heard of. Many groups of early vertebrates left no descendants, 
and there is nothing quite like them alive today. If we look at a simplified tree of extant taxa, that is groups with 
living representatives, you can see that animals that we might call fishes are generally divided into two main 
groups; those with jaws and those without. We are most familiar with jawed fishes, the cartilaginous sharks and 
their relatives, and the bony fishes and their relatives, which include ourselves. 


What is about the jawless vertebrates? 


In this lesson, we are going to be examining extinct, jawless vertebrates. We will discuss them in more detail 
soon, but for now, just look at these four living vertebrates. 


Does it look to you like any of them lack jaws? If so, which ones? 
More than one answer might be correct; therefore, check all that apply. 
A. Hagfish Cc. Lamprey 
B. Eel D. Rope fish 


Although all these vertebrates are long, slender fishes, the eel and rope fish have jaws, while the lamprey and 
hagfish do not. Therefore, answers A and C are correct, both being living, jawless vertebrates. 


1.1 Agnathans 


Hagfish and lampreys are the last remaining members of a large grade of fishes, called the Agnathans, meaning 
without jaws. Although lampreys seem to share more morphological characters with jawed vertebrates than with 
hagfish, recent molecular research has provided some evidence that they are most closely related to each other. 
We call two such groups sister taxa. If the sister group relationship between lampreys and hagfish is correct, they 
would form a clade, called the Cyclostomata, which means round mouths. They lack many characters found in later 
Agnathans and jawed vertebrates, such as bone and paired fins. 


However, the lack of these characters should not be confused with being primitive. These are highly specialized 
animals, adapted to very particular niches. Hagfish are mainly deep-sea carrion feeders, and many lampreys are 
parasites that feed on other living fishes. Cyclostomes have a long evolutionary history, undergone many changes 
that separate them from the last common ancestor of jawed and jawless fishes. 


Unfortunately, because hagfish and lampreys lack bony tissues, very little is known of their fossil lineage. To 
learn more about the vertebrate body plan, and how it evolved from that of its soft-bodied ancestors, we have to 
turn to the extinct, armored Agnathans, the Ostracoderms. 
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1.2 Ostracoderms 


We will be examining the features of three major groups of Ostracoderms in this lesson. They are called the 
Pteraspidomorphi, the Thelodonti, and the Osteostraci. Each of these groups possesses some important vertebrate 
features that are still present in extant taxa. We can even trace the ancestry of a few of our own features back to 
these agnathan groups. Ostracoderms is another informal term, meaning shell skin. It includes all the members of a 
large and diverse grade of jawless, armored fossil fishes. Ostracoderms were the dominant vertebrates for almost 
100,000,000 y. 


What made them so successful? 


The major innovation for this group was the acquisition of armor made of hard tissues, and particularly, a 
special vertebrate tissue, bone. 


We talked about two different kinds of bone found in vertebrates. 


What kinds of bone were they? 
A. — Endochondral bone and chondral bone 
B. Flat bone and round bone 
C. = Intramembranous bone and endochondral bone 
D. | Dermal bone and intramembranous bone 


Vertebrates have two main types of bone. Bone that forms around cartilage is called endochondral bone, and 
bone that forms without a cartilage scaffold is called intramembranous bone. Therefore, C is the correct answer. 
Dermal bone is a type of intramembranous bone. 





The bone found in the earliest fishes was almost entirely dermal bone. Although all vertebrate bone tissues are 
made up of the same materials, we can recognize different tissue types based on their textures. When we look at a 
cross section of some early vertebrate bone, it looks a bit like a layer cake. Those layers each have different 
properties, and, when added together, make for a more flexible, adaptable and much stronger structure than one 
made up of only one type of tissue. The whole is greater than the sum of its parts. 


= _——_ 
. — 


——_—$—_ anemel 


hes ilirie 


pulp 





In Ostracoderms, the dermal bone itself was covered on its external surface by a sculptured or ornamented 
layer of a material called dentine. Dentine is the material that makes up the bulk of your teeth. It is denser and 
harder than bone, but softer than enamel, and enamel is the hard, densely mineralized tissue that caps your teeth. 
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Dentine is produced by special cells called odontoblasts, and these cells form tiny tubes in the mineralized 
tissue. Different types of dentine have different patterns, or arrangements of these tubes. Below the dentine layer 
was a layer of spongy bone. Spongy bone, as the name implies is filled with cavities, and looks in cross-section like 
a sponge. The cavities were filled with blood vessels, nerves, or bone-producing cells, and this is the same type of 
bone that forms in the inside of the long bones of your arms and legs. It is softer and more flexible than dentine. 


The spongy bone was underlain in turn by a harder, rigid basal layer composed of thin sheets of bone tissue, 
without any cell spaces, called lamellar bone. In very early vertebrates, none of the bone enclosed any of the bone 
producing cells as it does in later vertebrates, including us. In this acellular bone, the cells depositing the bone 
material receded from the ossification area before they became trapped. 


Bone is one of the things that make a vertebrate a vertebrate. 
Why is it so important? What is the function of bone? 
A. — Skeletal support C. Protective armor 


B. Mineral storage D. All of the above 


Bone provides a very solid support for the attachment of muscles, improving movement efficiency and power. It 
acts as a storage place for phosphates and other minerals that animals use and excrete as part of their normal 
metabolism. Perhaps most obviously, in our very early ancestors, bone provides very effective protection for 
vulnerable body parts like brains and hearts. Therefore, D is the correct answer. 


2 Early Fish-types & Anatomy 
Middle Ordovician 458 million years ago 
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A side benefit for paleontologists is that vertebrates with hard skeletons had a much better chance of being 
preserved. There are fragments of bone-like tissues from as early as the Late Cambrian with the oldest fossils that 
are truly recognizable as fishes come from the Middle Ordovician from North America, South America, and Australia. 
At the time, South America and Australia were part of a supercontinent called Gondwana. North America was part 
of another supercontinent called Laurentia, and the two were separated by deep oceans. These two super 
continents, and others that were also present, were partially covered by shallow equatorial seas, and the continents 
themselves were barren and rocky. Land plants did not evolve until later in the Silurian Period. 
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Illustration 19 : Pteraspidomorphi 


In these shallow equatorial seas, a large diverse and widespread group of armored, jawless fishes evolved: the 
Pteraspidomorphi, the first of our three groups of Ostracoderms. The Pteraspidomorphi are divided into three major 
groups: the Astraspida, the Arandaspida, and the Heterostraci. The oldest and most primitive pteraspidomorphs 
were the Astraspida and the Arandaspida. You will notice that all three of these taxon names contain ‘aspid', which 
means shield. This is because these early fishes, and many of the Pteraspidomorphi, possessed large plates of 
dermal bone at the anterior end of their bodies. This dermal armor was very common in early vertebrates, but it 
was lost in their descendants. 


The Arandaspida are represented by two well-known genera: ‘Sacabambaspis, from South America and 
“Arandaspis' from Australia. ‘Arandaspis' has large, simple, dorsal, and ventral head shields. Their bodies were 
fusiform, which means they were shaped sort of like a spindle, fat in the middle and tapering at both ends. 


Many fishes are fusiform. 


Why do you think that Is? 


A fusiform shape results in the least amount of resistance from the water that fishes move through, and less 
resistance means less energy is wasted while swimming, which is certainly an advantage for aquatic organisms. 





Illustration 20 : Sacabambaspis appreciation post 


Between their dorsal and ventral shields, arandaspids like ‘Sacabambaspis’ had many small, rectangular or 
diamond shaped plates in a row, and as many as 20 tiny external openings were located at the boundaries between 
these plates. These openings, as in lampreys, allow water to leave the large pharynx; therefore, they are 
pharyngeal openings. However, they are also called gill openings, because the gills are housed in this region. The 
pharynx was a breathing organ, because of the presence of gills, but was also used to strain small food particles 
from the water that passed through it. The eyes in ‘Sacabambaspis' were situated at the very anterior end of their 
bodies, kind of like car headlights, with their jawless mouths between their eyes. They had no fins, except the 
caudal fin. 
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The Astraspida from North America were also fusiform fishes with only a rounded leaf shape caudal fin and bony 
armor. They had dorsal and ventral shields made up of many polygonal units of bone called tesserae, and they had 
diamond shaped scales covering their tails. Their eyes were located on the sides of their heads instead of at the 
very front, and they had around 10 gill openings, not as many as the Arandaspida. These were situated on the 
margin of the dorsal shield in a more dorsal position that those of the Arandaspida. The dorsal shields in Astraspids 
had several longitudinal crests, as well as an interesting set of grooves in the plate making up their shields. These 
grooves likely held something that we can see in most living fishes: a sensory canal system. 


head canal system trunk canal system 
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Illustration 21 : Lateral line system 


If you look at the flanks of many living fishes today, you will see a groove or canal running down the sides of 
their bodies. This is called a lateral line system. It is a sensory system that allows fishes to detect minor changes in 
the pressure of the water around them. As anything moves through the water, it pushes water in front of it. Being 
able to sense these pushes, means the fish can sense something coming before it arrives. If you have ever tried to 
catch a fish bare handed, you have probably been foiled by their lateral line system. 


The key to the lateral line system is a special sense receptor called a neuromast. The neuromast consists of a 
cup like base and a jelly-filled sheath called a cupola. Any movement in the surrounding water causes the fluid in 
the canal and the cupola to move also. Within the cup like base of the neuromast are several sensory cells with 
hair-like cilia that extend up into the cupola. When the cupola is moved by a pressure wave in the water, the hairs 
are bent, and this change in the signal effects the sensory cells, which affects the message that they send to the 
brain of the fish. This means the fish can tell the direction of the wave as well as how strong it is. A fish can sense 
its own movement, that of nearby predators or prey, and even the water displacement of stationary objects. 


Have you ever wondered why fish in a tank are not constantly running into the 
glass wall? 


It is because when they swim towards one of the walls, they push water out in front of them, this wave is 
reflected back by the wall, and the fish can sense this reflective wave through their lateral line system. Therefore, 
even though they cannot see the glass, they know it is there. Such a sensory system would certainly have helped 
the Astraspids to find their way in the marine habitat as well as helping them to avoid predators and find prey. It is 
not surprising that most fishes today retain a system of sensory canals like the lateral line. 
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Astraspids are the sister group to the rest of the Pteraspidiformes, the large and diverse clade of fishes called 
the Heterostraci. Heterostraci means different shields, or different scales. These fishes lived from the Early Silurian 
to the Late Devonian, about 430,000,000 — 370,000,000 y ago. In general, Heterostraci look similar to the 
Astraspids. They had dorsal and ventral head shields, fusiform bodies, large trunk scales, and no fins, except the 
caudal fin. However, the arrangement of their scales and their bone tissues are unique. In addition, they had only 
one external branchial opening on each side of their bodies. There are around 300 known species of Heterostraci, 
and they came in a variety of forms. 


Some of the earliest Heterostraci has solid dorsal shields that were completely fused, with openings for their 
eyes and a sensory organ on the dorsal surface of their heads called a pineal organ. This organ was probably 
photosensitive, allowing Heterostraci and other animals, such as the lamprey, to sense changes in the level of light 
above them in the water. This would be useful for telling them which way was up and keeping track of how deep in 
the water column they were. 


The ‘University of Alberta’ has a wonderful collection of Ostracoderm fossils including hundreds of Heterostraci 
specimens. Many of them came from an extraordinary Early Devonian fossil locality called ‘Man On The Hill,’ or 
MOTH. MOTH was first discovered by field scientists from the ‘Geological Survey of Canada’ who contacted the 
‘University of Alberta’ researcher, Dr. Brian Chatterton. When Dr. Chatterton went to the locality, he noticed an 
oddly shaped rock formation visible from his main field camp that looked like a man standing on top of the nearest 
hill. He called the locality ‘Man On The Hill,’ after this rock formation. This locality is high up in the 
Mackenzie Mountains of the Northwest Territories of Canada, well above the vegetation line. The fossils weather 
out of a layer of rock and tumble down into a scree pile below. In order to collect these fossils, researchers must 
take a helicopter from the nearest town to make a base camp, and then climb the steep slope daily to search 
through the rubble for fossils. 


Usually the best fossils are barely visible, with only a tiny piece of bone exposed and the rest still covered in 
rock. These rocks formed over 400,000,000 y ago. Once the fossils are exposed, it does not take long for them to 
weather away to nothing. The ‘University of Alberta’ researchers have been collecting fossils from the MOTH locality 
since the 1980° and have brought back hundreds of fossil fish specimens to be housed in the University collections. 


In a former lesson, we discussed several types of depositional environments. The rocks in MOTH are composed 
of finely laminated clay-rich limestone or calcite-rich shale. There are no wave ripples. 


What depositional environment does MOTH represent? 


A. Lagoon environment OF Continental slope environment 
B. Lake environment D. Continental shelf environment 


In the Early Devonian, what is now the Mackenzie Mountains would have been under an equatorial shallow sea. 
The MOTH locality would have been on the continental shelf; therefore, D is the correct answer. 


The most recent interpretation of the MOTH environment is that it was a deep pocket, or low, within the 
carbonate shelf itself. Black shale and FE-rich pyrite indicate that the muck at the bottom would have been poor in 
O. Despite this, the area was capable of supporting many diverse forms of life. Perhaps, the water column above 
the anoxic low was well oxygenated, and the fishes sank into the muck only after they died. This has resulted in 
many spectacular fossils. Among these are representatives of all the three groups of Ostracoderms we are 
examining in this lesson. 


The Devonian Period, when the MOTH fish lived, is known as the ‘Age of Fishes,’ because all the main groups of 
fossil fishes had evolved by this time and thrived globally. You can find hints of this great diversification in some 
well-preserved fossils from the preceding Silurian Period. For example, one of the earliest and best-preserved 
Heterostraci came from a Silurian locality near MOTH, Known as ‘Avalanche Lake.’ 





Illustration 22 : Athenaegis chattertoni 
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This little fish is named ‘Athenaegis chatterton/. ‘Athenaegis’ means Athena's shield, named because its dorsal 
Shield is covered with convoluted ridges. These ridges reminded the researchers of snakes. You may know that in 
Greek mythology, the ‘Gorgon Medusa’ had snakes for hair, and her head wound up attached to the goddess 
Athena's shield. That is the origin of the name ‘Afhengegis’. At the time it was described, ‘Athenaegis' included the 
oldest known well preserved vertebrate tail. 


Heterostraci were the first group to learn to swim really using their tails to propel themselves through the water, 
instead of swimming by flexing their body myomeres against their notochords. The tail in ‘Athenaegis’ was 
fork-shaped with many thin scales covering the two lobes. It also had rows of small bony plates between its dorsal 
and ventral shields, and even bony plates around its eyes. Its mouth was composed of many small plates, and it 
would have probably acted like a flexible scoop. 





Illustration 23 : Dinaspidella 


Later Heterostraci had similarly forked tails. Two of the best known of these Heterostraci are from MOTH are 
‘Nahanniaspis’ and *Dinaspidelld. Although their tails look symmetrical, the lower lobe was a bit bigger than the 
upper lobe and the notochord extended into the lower lobe. This type of a tail is called a hypocercal tail. Hypo 
means below, and cerca means tail. Let us pause our survey of early vertebrates here for a moment and talk about 
fish tails. 


2.1 +#£4Fish Tails 


Why do they matter in terms of how vertebrates evolve? 





Illustration 24 : Tuna 


The short answer is that they affect fishes' ability to swim. The function of a tail is simple; it pushes water. By 
pushing on the water behind it, a fish is able to propel itself forward. In living fishes, there is a huge variety of 
forms of caudal fins. Each of these tails pushes water a little differently depending upon how the fish generally 
swims. Thin, tall, crescent shaped tails are very good for fish that swim fast over a long distance, like tuna. They 
are extremely efficient when it comes to moving in one direction, but they are not the best shape for many rapid 
changes in direction. 





Illustration 25 : Grooper 
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Short, broad tails are best for fast acceleration without sacrificing maneuverability. However, they are not good 
for long distance cruising. Therefore, they are often found in ambush predators like this grouper. 


Most early vertebrate tails were short and broad, which makes sense for small bottom dwelling fishes. Most 
early vertebrates had hypocercal tails. When the notochord extended through one lobe of the tail, that lobe is 
generally stiffer than the other is, and also usually bigger. These tails are asymmetrical, which results in the 
propulsive force they generate being in two directions. Hypocercal tails propel fishes forwards and also upwards, 
because the ventral part of the tail pushes more water than the dorsal part. When you think about that, it makes 
sense that many early vertebrates had hypocercal tails. These were small fishes covered in bony armored plates, 
and probably would have tended to sink. If every thrust of the tail pushed them upwards as well as forwards, they 
would have helped to counteract the sinking effect. 





In addition to strong tails, many later Heterostraci had dorsal spines on their head shields. Their head shields 
were also composed of many different plates. Many had wing-like plates, called cornual plates, which projected 
laterally. These plates and spines may have helped provide stability in the water, like keels, preventing the 
Heterostraci from rolling erratically. These Heterostraci were very successful and grew quite large. Some species 
were up to two meters long. The endoskeletons of Heterostraci were probably made of cartilage. All we know of 
their internal anatomy comes from impressions on the inner surfaces of their dorsal and ventral shields. 





On this internal view of a dorsal shield from a MOTH Heterostraci, you can see notches for the eyes, the pineal 
area, and impressions of gill pouches and a dorsal nerve cord. These two pairs of grooves here are impressions of 
semicircular canals. You and I have three semicircular canals; they are part of our inner ears and detect rotation of 
the head. Each canal is filled with fluid and contained sensory cells that are very similar to the neuromasts in the 
sensory lateral line canals with hair cells and a cupola. When the head rotates, the fluid moves within the canals 
causing the cupola and the hair cells to bend. We perceive that as a sense of tilt. These canals are responsible for 
the feeling you get when you go around a turn in a car, tightly, and give us our sense of balance. We have three 
semicircular canals, but not all vertebrates do. For instance, hagfish have one and lampreys have two. Based on 
what you know about semicircular canals and Heterostraci internal anatomy. 
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How many semicircular canals do you think Heterostraci had? 


A. One Cn Three 
B. Two D. Four 


This is a bit of a trick question because our fossils cannot help us answer this definitively as all we have are 
impressions. Still, we definitely see two pairs of impressions; therefore, B is the best answer. 


semicircular canals —= 






With two pairs of semicircular canals, Heterostraci could probably detect movement of their heads up and down 
and side to side. However, they would have a little harder time keeping in balance if they rolled around the long 
axis of their bodies, because this is the function of the third semi-circular canal probably that they did not have. 
Then again, being bottom dwelling they probably did not roll very often while swimming. 


The Pteraspidomorphs are probably the most primitive of the Ostracoderms. The second ostracoderm group we 
will look at in this lesson, the Thelodonti is less well understood. They represent a very large and diverse 
assortment of fossil fishes with many different forms; they are only really united by features of their scales. They 
may not represent a true clade; it could instead be an assortment of multiple, independent, lineages. 


Rather than the large heavy shields of the Heterostraci, Thelodonts had unique thelodont scales; many tiny 
tooth-like hollow scales covering their body. Thelodont means hollow tooth. They had many gill openings arranged 
in an arc starting immediately posterior to their eyes. There were two main types of Thelodont. Some had bodies 
that were flattened dorsoventrally, or depressed, and others were flattened laterally, or compressed. Here is a 
question for you about to think. 


If all fossils are flattened, how do we know whether they are depressed or 
compressed? 


The way the fossils are preserved, or their taphonomy, tells us something about the shapes of the living fishes. 
When fishes die, their bodies sink through the water column and they are buried in the muck at the bottom. If a 
fish is flattened more one way than the other is, their bodies are more likely to end up lying on the flat sides, it is 
like when you toss a coin. It is flattened one way, and it is most likely to land on one of its flat sides rather than 
standing up on its edge. 





Depressed Thelodonts are usually found with their dorsal or ventral sides facing up, parallel to the layers in the 
rock in they are. They also had an interesting new development for vertebrates, which were paired lateral fin-like 
structures. Like the corneal spines in Heterostraci, these probably helped provide stability in the water. Until the 
1990°, all known Thelodonts were depressed. Then, two researchers from the ‘University of Alberta,’ 
Michael Caldwell and Mark Wilson, discovered a completely new type of vertebrate with thelodont scales in the 
MOTH locality. 
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Illustration 26 : Furcacauda 


These are the compressed Thelodonts, called the Furcacaudiformes. Furcacaudiformes were similar to their 
depressed cousins in that they were covered with tiny, hollow, tooth-like scales, and had many gill openings 
arranged in an arch. However, they had deep, laterally compressed bodies. When their fossils were first discovered, 
they were poorly preserved, and they were originally misinterpreted as depressed Thelodonts. Their pectoral fins 
looked strangely asymmetrical, and they consistently had a weird conical groove on one side of their bodies. This 
puzzled researchers for decades until better-preserved specimens of entire fishes were collected. With this new 
evidence, the researchers were able to determine that rather than looking at the dorsal or ventral sides, they were 
looking at the lateral sides of the fishes. The conical groove was the digestive track, and the pectoral fins were 
actually a dorsal and ventral fin. 


In addition to having a completely different body type than other early vertebrates, these Thelodonts had 
strongly forked and lobed tails. ‘Furcacauda’ means forked tail. ‘Furcacauda’ is one of the best-known genera of 
Furcacaudiformes and the namesake of the group. It was rather shaped like a hand. It had a relatively blunt head 
with big eyes, a small mouth, and a wedge shaped body. Imagine a palm as the body of the fish. The thumb is 
where ‘Furcacaudas’ dorsal fin would be, and the fingers are the lobes of it is forked tail. The notochord and lateral 
line probably ran through the ventral lobe of the tail. Therefore, although it was externally symmetrical it was 
internally hypocercal like Heterostraci. 


Which Thelodonts do you think were faster swimmers? 
A. Compressed Thelodonts B. | Depressed Thelodonts 


Think again about modern fishes. Remember that body dwelling fishes are usually depressed. Fast fishes, like 
tuna, are compressed. If we look at modern fishes, the laterally compressed ones are generally better swimmers 
than the dorsoventrally depressed bottom dwelling fishes. It is reasonable to argue that the laterally compressed 
Thelodonts were probably more efficient swimmers than the dorsoventrally depressed ones. Therefore, A is the 
best answer. Compressed Thelodonts also had very big eyes, meaning they probably could see quite well. This is 
also useful if you are moving through the water quickly. 


In addition to a brand new body plan, furcacaudiform Thelodonts also appear to have had what was previously 
considered a feature only associated with jawed vertebrates. The structure is tube-like, seems to be part of the gut, 
and has sharply defined front and back ends. If it is part of the gut, these sharp ends were probably sphincters, 
and this structure has been interpreted as a fossilized stomach. This is the oldest evidence for a stomach in the 
fossil record of vertebrates, and the first evidence of any kind of stomach in jawless vertebrates. Therefore, this 
fossil evidence was big news. The implication is that the stomach evolved before jaws, and that is ‘food for thought’ 
for paleontologists. In fact, fossil evidence has changed many of our ideas about the things unique to jawed 
vertebrates. The next and last group of Agnathans we will look at in this lesson had quite a few characters that 
used to be associated only with jawed vertebrates: the Osteostraci. 
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Illustration 27 : Superciliaspis 
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The Osteostracans were another group of heavily armored Agnathans. Osteostracan means bone shell. They are 
found in North America and Europe, from the Early Silurian to the Late Devonian. Let us look at ‘Superciaspis’, an 
Osteostracan from MOTH, for some key features of this group. Osteostracans had a dome shaped bony shield 
covering the dorsal surface of their heads, and these cephalic shields were essentially helmets; the term ‘cephalus’ 
means head. The eyes were located close together on top of their heads with a pineal organ situated between 
them. They had several gill openings arranged in a circle on the ventral side of their bodies. Their mouths were also 
ventral. 


What kind of habitat do you think Osteostracans occupied, based on their body 
shape? 

A. At the top of the water column near the surface 

B. | At the bottom of the water column on the sea floor 

C. Inthe middle of the water column 

D. None of the above 


Osteostracans had eyes that pointed up, a mouth that was pointed down and were flattened ventrally. It is likely 
that Osteostracans spent most of their time in the mud at the bottom of the water column. Therefore, B is the best 
answer. 





Perhaps, because of this, Osteostracans possessed a unique set of fields in their dorsal shield, as we can see in 
these specimens, ‘Cephalaspis’. These are specific and discrete areas of the shield where the armor was reduced to 
Small ‘tesserae,’ probably supported by exposed skin. These cephalic fields may have functioned as a kind of 
sensory organ, to detect changes in the pressure of the water around them, similar to a lateral line system. They 
were connected to the inner ears by large branching canals, hinting at such a sensory function. 





Osteostracan fossils provide us with insight into their internal anatomy, because some soft tissue features of the 
head were preserved as impressions in the cartilage of the skull. A thin layer of bone that formed around it 
preserved the cartilage. Osteostracans had two pairs of semicircular canals like lampreys. In some specimens, we 
can see the impressions of the gill pouches, which were large and located anteriorly. They also had two pectoral 
fins. 


Although they share some features with Agnathans like dermal armor and two pairs of semicircular canals, these 
features are probably primitive for vertebrates as a whole. Such features are called symplesiomorphies. 
Symplesiomorphies are shared primitive traits. You and I both share hair with apes, like chimpanzees, but that is 
not a feature that united us as sister groups, because other mammals also have hair. Instead, we rely on traits that 
unite closely related groups to the exclusion of other groups. These traits are called synapomorphies or shared, 
derived traits. Hair is a synapomorphy for the group Mammalia, but within that group, hair is a symplesiomorphy 
for apes. Osteostracans are generally considered to be the sister group to jawed vertebrates. This is based on a 
number of synapomorphies. 
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Compare this Osteostracan with this extant-jawed vertebrate, a shark. Identify 
which of these features are synapomorphies that unite the Osteostracans with 
jawed vertebrates. More than one answer may be correct, so choose all that 


apply. 





A. Vertebrate bone C. Dorsal fin 
B. Pectoral fins D. An upward-pointing tail 


Vertebrate bone is a feature that Osteostracans inherited from the common ancestors they shared with 
Pteraspidiforms; therefore, that is not a synapomorphy of these two groups. The same can be said for the dorsal 
fins since furcacaudiform Thelodonts had a dorsal fin. Osteostracans and jawed vertebrates share pectoral fins and 
an upward pointing tail, which are not present in more privative vertebrates. Therefore, B and D are the correct 
answers. They are the synapomorphies that unite these two groups. 





Illustration 28 : Sclerotic ring 


Osteostracans had several things in common with jawed vertebrates. They had cell spaces in their bone as 
jawed vertebrates do and unlike the acellular bone found in Heterostraci. They had a special set of bones inside 
their eyes called a sclerotic ring, which could have helped their eyes retain their shape under the high pressure 
associated with deep water. Other derived traits meant that Osteostracans were probably more efficient swimmers 
than other Agnathans. The notochord in Osteostracan tails went through the upper lobe of the caudal fin, rather 
than the lower lobe. This kind of asymmetrical tail is called an epicercal or heterocercal caudal fin. Technically, a 
heterocercal caudal fin is any kind of asymmetrical tail, but in general, it is used for a tail with a notochordal upper 
lobe, whereas hypocercal or reverse heterocercal is used for a tail with a notochordal lower lobe. 


Modern sharks and some bony fishes have epicercal tails today. The upper lobe of a shark’s tail is larger and 
stiffer than the lower lobe. Therefore, more water gets pushed by the dorsal part of the tail compared to the 
ventral part. Epicercal tails are able to produce a lot of forward thrust, but because the dorsal part of the tail 
pushes more water with each thrust, they also produce a thrust that points the head down as the shark moves 
forward. Sharks counter this with their wing-like pectoral fins, which produce an upward force. Osteostracans could 
do the same with the wing-like projections of the cephalic shields, and their pectoral fins. But they may have 
preferred to keep their heads down; therefore, they could find food in the mud on the sea floor. 


When comparing an Osteostracan, like ‘Superciliaspis’ to ‘Haikouichthys’ or ‘Metaspriggina’, it is clear that 
jawless vertebrates underwent a lot of changes through their evolutionary history. Another major change was in 
the making. The sister group to the Osteostracans had a completely new set of weaponry that would change the 
way vertebrates interacted with their environment and with each other. 
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Learning To Bite 


1 Evolution Of Jaws 


As we continue our journey along the vertebrate tree of life, it is important to remember that vertebrates did not 
evolve in a vacuum. The evolution of our earliest vertebrate relatives was shaped by global events, as was the 
evolution of the groups with which they co-existed. 


What was the world like hundreds of millions of years ago, and how did changes 
to that world impact the early life that filled its seas? 





During the Ordovician Period, much of the land was collected together in this supercontinent called Gondwana. 
Gondwana included what are now Southern Europe, Africa, South America, Antarctica, and Australia. North America 
was equatorial, part of a continent called Laurentia. The Iapetus Ocean separated Laurentia from two other large 
continents, Siberia and Baltica. Shallows seas mostly covered Laurentia during the first half of the Ordovician. In 
fact, vast areas of the planet were covered in continental shelves and shallow seas; perfect conditions for marine 
animals. The Early to Middle Ordovician were times of diversification of carbonate shelled organisms. They included 
reef-building corals, echinoderms like sea stars, arthropods like trilobites, mollusks like bivalves, cephalopods, and 
strange animals called brachiopods. 





Illustration 29 : Brachiopods from Ordovician 


Brachiopods look deceptively like bivalves. The earliest vertebrates like the arandaspids and astraspids swam 
along side these animals. Towards the end of the Ordovician, the Earth's climate changed dramatically. Major 
uplifts and periods of mountain building took place in areas that had been covered by shallow seas. Volcanic activity 
increased and ocean currents changed as the continents moved. Gondwana headed steadily south, and by the 
Late Ordovician, it covered the South Pole. 


Which of these maps would you expect to have continental glaciers? Is it A, B or 
C? 
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Continental glaciers form when the continents cover the poles. Therefore, you would expect B to have 
continental glaciers. B is the correct answer. 


Glaciation is more likely to occur when land covers the poles than when the poles are covered by oceans. The 
oceans absorb and retain heat better than the continents do. This means it is much easier for glaciers to form and 
persist on land. The vast land mass of Gondwana over the South Pole resulted in a major glaciation in the 
Late Ordovician. With a huge amount of water locked up in ice, global sea levels dropped dramatically, and the 
Shallow seas disappeared. This rapid cooling and sea level drop resulted in two major pulses of extinction. Taken 
together, these Ordovician-Silurian extinction events were the first of the ‘big five’ mass extinctions in Earth's 
history, and the second most severe. 


For context, the Ordovician-Silurian mass extinction was more severe than the mass extinction of 66,000,000 y 
ago that ended the reign of dinosaurs. Almost all life existed in the sea in the Ordovician, and it was devastated. An 
estimated 60 % of the existing genera went extinct over 5,000,000 y. Fortunately for us; the early vertebrates were 
one of the groups that made it through. 


During the Silurian, the polar glaciers retreated and the sea level rose, restoring the shallow seas. Laurentia, 
Baltica, and a microcontinent called Avalonia began to collide and close the Iapetus Ocean. The Earth entered a 
long, warm, greenhouse phase that was relatively stable by the mid to Late Silurian. The first moss-like land plants 
evolved, and the first terrestrial arthropods followed. However, most life remained in the seas. The Agnathans 
diversified and evolved along with the first members of a new vertebrate group with a new adaptation. 


What evolutionary novelty do you think allowed vertebrates to become first 
predators? 


A. Legs C. Claws 
B. Jaws D. Teeth 


At some point, probably around the time of the Ordovician-Silurian extinctions, vertebrates evolved jaws. Jaws 
allowed them to become predators. Therefore, B is the correct answer. 


Up until this point in our journey along the evolutionary tree, all vertebrates were jawless. Some groups of 
Ostracoderms had armor plates around their mouths that were specialized for feeding, but none had anything like a 
biting jaw. Ostracoderms probably fed by filtering food particles from the water they swam through, or scooping up 
mud along the sea floor. Most were small, and vertebrates were by no means at the top of the food chain. 
However, that would soon change. 





A jaw is a structure in the mouth composed of at least two opposing sections of skeletal material connected by a 
flexible joint. In vertebrates, the sections of the jaw are made of cartilage or bone, and oppose vertically. This 
means the vertebrate jaw is made up of an upper jaw and a lower jaw on each side of the head, together called 
the mandibular arch. The upper jaw in primitive jawed vertebrates is a cartilaginous element called the 
palatoquadrate cartilage, and the lower jaw is made of the Meckel's cartilage. In bony fishes, like perch, these 
cartilages are replaced with bone. However, these cartilages still make up the jaw in modern cartilaginous fishes 
like sharks. 
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Formula 1 : Chitin 


The vertebrate jaw is not homologous with pinching mouth apparatuses in non-vertebrate animals. For instance, 
arthropods, like insects, have mouthparts that are made of a substance called chitin, and they oppose each other 
laterally. The fact that so many different groups have independently evolved similar structures indicates that there 
is a significant advantage to biting. 


Jawed vertebrates are called gnathostomes, meaning jawed mouths, and they all belong to a large clade called 
the Gnathostomata. When jaws evolved is a bit of a puzzle, because the vertebrate fossil record from the 
Ordovician and Early Silurian is very poor. We have found disarticulated remains that probably come from jawed 
fishes, like scales or fragments of bone, but these are not definitive. What we do have are identifiable gnathostome 
scales from the Early Silurian and articulated gnathostome fossils from the Late Silurian. 


Relatively recently, fossils from the Late Silurian of China have been described that represent several different 
gnathostome groups. Fossils of jawed vertebrates from the Late Silurian have also been recovered from Canada. 
Taking all of these clues into account, gnathostomes evolved by at least the Early to Middle Silurian, and had 
diversified and dispersed around the world by the Late Silurian. During the Silurian and Devonian, these jawed 
vertebrates would rapidly diversify to fill many niches previously occupied by non-vertebrate predators. 


Have you heard the term "niche" before? What do you thing it means? 
A. — Therole an organism fills in their environment, like ‘predator’ 
B. | The place an organism lives 
C. The food an organism eats 
D. All of the above 


D is the correct answer. All of these things help define what a niche is. 


Rather than being only one specific thing, a niche refers to all of the factors that affect growth, reproduction, 
and survival of a species. A niche is an animal's way of life. Think of it like the animal's job in the ecosystem; it is 
how a particular species makes its living, what it must do to survive. A species will survive only if all the conditions 
of its niche are met. This can include the food the organism eats, the physical space they occupy, the climate they 
do best in, or any combination of factors. 


When more than half of the life that existed in the Ordovician went extinct, those species no longer occupied 
their niches, and the resources they lived on became available to other organisms. We often see a pattern in the 
fossil record of a period of rapid diversification following an extinction event. This happens when the survivors take 
advantage of the relative lack of competition for resources. They quickly adapt to fill open niches that were formally 
held by the extinct organisms. 


It seems that vertebrates were poised to take advantage of the niches opening up, when many groups of 
invertebrates went extinct at the end of the Ordovician. Certainly, the evolution of jaws would have conferred an 
advantage. Fishes with jaws were able to grasp and prey upon other animals. This was something that the 
Agnathans at the time, were unable to do. They had no grasping jaws. The Ostracoderms were filter feeders, or 
sucked up mud to find food. Enter the gnathostomes, which were active predators. Both groups diversified and 
thrived during the Silurian with Agnathans dominating. The gnathostomes took some time to catch up, but during 
the Devonian, they came to dominate almost every marine environment. 


Having opposable jaws means that gnathostomes could catch, hold, and eat other animals. This opened up a 
completely new arena of competition for the early vertebrates. Being able to secure more and higher quality food 
confers a significant selective advantage to any animal. In addition, the early vertebrates were no exception. 
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2 Evolving Jaws 


Although we certainly know that jaws were incredibly important to the evolution of early vertebrates, the 
evolution of the jaw itself is not very well understood. It is one of paleontology's big unanswered questions. 


How did jaws evolve? 


One of the reasons this remains a puzzle is, there is no transitional fossil that is partially jawed. Things are 
either completely jawless like Osteostracans or have fully formed mandibular arches. The mandibular arches are 
very similar in their overall appearance to another set of arches in gnathostomes, the gill arches. These arches 
support the gills in living fishes and in some aquatic tetrapods. Because they look similar, the jaws and gill arches 
have long been hypothesized to be related. 





In 1870, the German anatomist Carl Gregenbaur suggested that the jaws and the hyoid arch that supports the 
jaws were modified from gill arches. Gregenbaur thought that the ancestor of jawed vertebrates had gill arches 
present in the pharynx, in the mouth, and all the way along the pharynx. 





The second gill arch became the jaw-supporting hyoid arch, and the rest of the gill arches remained as 
functioning respiratory gill arches. 


Is this still thought to be correct? 


Let us turn to the closest relative of jawed vertebrates. Osteostracans are widely considered to be the sister 
group to gnathostomes. Gill arches are unknown in Osteostracans. Impressions on the inside of their dorsal shields 
suggest they had gill pouches, like lampreys and hagfishes. 
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Gill pouches are muscular structures that contain the respiratory gills. Gill arches are skeletal supports for the gill 
tissue. What is more, the gills of gnathostomes and Osteostracans are oriented differently. In gnathostomes, the 
gill tissues are lateral to the gill arches. Therefore, the gill tissue is external to the skeleton. In lampreys, and 
probably Osteostracans also, the gill tissue is internal, or medial, to a basket-like skeleton of cartilage. We call the 
supporting basket-like cartilage the branchial basket. The skeletal support of gnathostomes does not appear to be 
homologous with that of Agnathans. To make matters more complicated, our living Agnathans have had millions of 
years to evolve, and are quite derived. They may not be good models for the early fossil Agnathans. 


2.1 Why Did Jaws Evolve? 
Not only do we wonder what jaws evolved from, but why they evolved. 


Fully formed jaws would be useful, but what could have been the precursor to a 
jaw, and for what would this proto-jaw have been used? Which of these things do 
you think might be uses for something that is almost a jaw but not quite? 

A. Grasping prey C. Chewing 

B. | Pumping water across the gills D. | Pushing water out of the mouth 

Because most fossil Agnathans fed by filtering particles from the water, or by sucking up mud, one thing a 


proto-jaw could have done before biting was to pump more water across the gills. Therefore, B is the correct 
answer. 





There is more than just one proposal as to how pumping proto-jaws evolved. In the 1990s, an evolutionary 
biologist named John Mallet observed that fossil Agnathans had cheeks and lips around the large oral cavity, and 
the first gill arch was directly posterior to this oral cavity. Mallet proposed that the gill arch could have been used to 
help suck in water to filter for food particles. Enlargement of the gill arches and development of muscles to move 
them would have resulted in more efficient movement of water through the pharynx, conferring a selective 
advantage. This means that selection would have favored any change to the gill arches and pharyngeal muscles 
that would result in more efficient water flow through the pharynx, including being able to open and close the 
mouth rapidly. 
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By closing the mouth, the pharyngeal muscles would be able to force water across the gills. Therefore, selection 
would have favored animals that could close their mouths. In this way, Mallet suggested the mandibular gill arch 
developed into a proto-jaw entirely because it enabled the fish to open and close its mouth rapidly to increase 
respiratory function. The grasping capabilities of the jaw would have been a side benefit, but one that would also 
be acted upon by selection, quickly becoming a more and more effective jaw. Mallet's suggestion follows 


Gregenbaur's gill arch hypothesis that the jaws were originally formed from a gill arch, but it adds to this theory by 
suggesting a functional benefit of the proto-jaw. 





Around the same time as Mallatt, paleontologist Philip Janvier proposed another scenario for the evolution of 
proto-jaws. Lampreys and hagfish have a structure called a velum, which is like a curtain of soft tissue that 
separates the esophagus from the gill pouches. The vellum is supported and moved by paired velar cartilages 
connected to the rest of the skull by a hinge joint, similar to a jaw. 





According to Janvier's hypothesis, the jaws evolved from the velar skeleton. The jaws did not develop from the 
gill arches. 
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Janvier's vellum hypothesis has one problem. The vellum extends into the throat rather than anteriorly as the 
jaw would do. Therefore, it is difficult to see how the jaws evolved from the vellum. 


A new fossil discovery has provided some new information about the earliest vertebrate gill arrangement, and it 
raised some new questions. 


Do you remember ‘Metaspriggina’, a Cambrian vertebrate from the ‘Burgess Shale 
Formation?’ 


This animal may have had gnathostome-like gill arches with upper and lower arch elements. The first set of 
arches is somewhat enlarged relative to the others, and is not associated with external gills. If these arches are 
homologous to gnathostome gill arches, this would mean the branchial basket arrangement in lampreys is derived, 
and so could not have been a precursor for the gnathostome pharyngeal skeleton. Maybe the branchial basket is 
derived from the gnathostome-like gill arches instead of the other way around. 


2.2 Origin Of The Vertebrate Jaw 


The origin of the vertebrate jaw is still a very active area of research in vertebrate paleontology and evolutionary 
biology. It is probable that the real story was some combination of Gregenbauer, Mallet, and Janvier's hypotheses. 
We may not know for sure how the vertebrate jaw evolved, but we certainly have a clearer picture now, than we 
did 100 y ago. New fossil discoveries and new developments in molecular evidence from extant vertebrates 
continually add to our understanding of this evolutionary puzzle. In any case, we certainly know that jaws allowed 
early vertebrates to diversify rapidly into many new ecological niches. 


By the Late Silurian, gnathostomes had diversified into four major groupings, two of which remain today. These 
groups were the Placodermi, the Chondrichthyes, the Osteichthyes, and the Acanthodii. We will discuss members of 
each of these groups in the rest of this lesson and in the next lesson of this course. 





All four of these groups possessed mandibular arches, jaws, a hyoid arch that helped connect the mandibular 
arch to the brain case, a third, horizontal, semicircular canal, and paired pelvic fins, in addition to the paired 
pectoral fins we saw in Osteostraci. 


Gnathostomes were already represented by large predatory fishes in the Late Silurian, as we have found fossils 
of large placoderms, acanthodians, and osteichthyans. Chondrichthyans are not well represented by fossils from the 
Silurian. That is likely because chondrichthyans are cartilaginous, and do not have as many distinctive bony parts as 
the other three groups. Gnathostomes would continue to evolve and diversify, becoming the dominant vertebrates, 
throughout the Devonian, also Known, as the ‘Age of Fishes.’ 
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Let us not forget our paleogeographic context. During the Early Devonian, Laurentia, Baltica, and Avalonia 
completed their long collision and formed a supercontinent called Euramerica, also forming the Caledonian 
mountain range in the process. During the Devonian Period, the supercontinent of Gondwana and Euramerica 
would start to draw together. Eventually, all the continents would collide to form one giant supercontinent called 
Pangaea, but not until the Permian Period. 


All of this tectonic activity meant that sea levels during the Devonian remained high, forming plenty of shallow 
sea habitat for reef-building corals and relatives of sponges called stromatoporoids, as well as brachiopods, 
trilobites and coiled cephalopods called ammonoids. Agnathan vertebrates started to decline, but gnathostome 
vertebrates increased in diversity in both marine and freshwater environments. Our gnathostome fossil examples 
for this lesson come from two Canadian fossil localities, the Early Devonian locality of ‘Man On The Hill’ or MOTH in 
the Mackenzie Mountains of the Northwest Territory, which we visited in lesson two, and the Late Devonian locality 
of Miguasha in Quebec. Miguasha is one of the most famous fossil localities in the world; having yielding thousands 
of spectacularly preserved fossil fishes since its discovery in 1842. Many of the fossils found in these rocks 
represent marine animals. The rocks include sandstone and mudstone, and some preserve ripple marks. 


In a former lesson, we describe several types of paleoenvironments. 


What kind of paleoenvironments does Miguasha represent with its mix of terrestrial and marine characteristics? 


Lacustrine, meaning lake, and fluvial, being river, are both fresh water environments. Continental shelf deposits 
are marine. This mix of marine and terrestrial characteristics suggests Miguasha was in an estuarian environment. 
Therefore, D is the correct answer. 


Estuarian environments like those of the Devonian in Miguasha support some of the richest diversity of life on 
the planet, as nutrients from the sea mix with nutrients from the land. In addition, the waters at Miguasha, like at 
MOTH, were somewhat O poor and the sedimentation rate was high. As soon as a fish died and settled to the 
bottom of the estuary, it would be rapidly buried. This protected the remains from the water current as well as 
preventing scavengers from reaching them. The mud around the carcass was even more anoxic than the water 
above, as evidenced by the presence of Fe-pyrite, similar to what we see in MOTH. 


Although they are different ages, between these two localities all four groups of gnathostomes are represented. 
We will use examples from Miguasha, MOTH, and some spectacular examples from other localities, like the 
‘Gogo Formation’ of Australia, as we continue to travel along the vertebrate tree of life. 


This may be a good time to refresh your memory of the vertebrate phylogenetic tree. Open up an interactive 
zoom able tree, and look at the gnathostome node. Specifically, look at how many branches there are between the 
gnathostome node and the branches with living gnathostomes. These branches represent the most primitive group 
of jawed fishes, the placoderms. 
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3 Placoderms 


The most primitive jawed vertebrates are the heavily armored placoderms. For a long time, placoderms were 
considered to be a monophyletic group or a clade. Although there were many different families, all placoderms had 
the same kind of dermal armor. Some scientists still argue that placoderms are monophyletic. However, recent 
phylogenetic studies have suggested that they are actually a paraphyletic assemblage of armored fishes branching 
off the gnathostome stem. For our purposes, we will be following this recent evidence and using a simplified 
phylogeny with placoderms as a paraphyletic grade. 


Most scientists today consider placoderm the most basal group of jawed fishes. These heavily armored fishes 
were hugely successful during the Devonian. They lived in both marine and freshwater environments, in every 
continent except for South America. Even their eyeballs were mostly covered in bone. They were only around until 
the end of the Devonian, but in that time they dominated pretty much every aquatic environment. Let us look at 
the few examples of these jawed pioneers. 





Illustration 30 : Dunkleosteus 


Dunkleosteus, best known from the Cleveland Shale, is perhaps the most famous example. It was one of the 
first vertebrate superpredators and one of the largest predatory fish to have ever existed, up to 9m long. 
Dunkleosteus was a member of a group of placoderms called the Arthrodira, which means jointed neck. Their head 
and trunk armor was composed of many different large plates. Between the head and trunk shield was a mobile 
joint, as well as a gap called the nuchal gap. When Dunk/eosteus opened its mouth, it could do so by moving its 
head upwards and back, closing the nuchal gap, while its lower jaw swung down, and outward. This resulted in a 
huge, fast, and powerful bite. Most placoderms, including arthrodires, also had specialized jawbones that acted like 
self-sharpening scissors. These would have functioned like teeth, allowing them to not only grasp prey, but also 
slice through it. 


Not all placoderms were gigantic predators, though. These grades of vertebrates occupy just about every 
ecological niche that is possible for an aquatic vertebrate. They were incredibly diverse and specialized. Some were 
ray-like bottom feeders, some resembled living ratfish, and some were specialized to feed on shellfish, while others 
found food in the mud or ambushed passing prey. 


Miguasha was home to one of the most well-known placoderms Sothriolepis canadensis. Bothriolepis is a 
member of a group of placoderms called the Antiarchi, bottom-feeding fishes with long trunk shields and weird 
jointed armor on their pectoral fins. This armor gives the impression of arthropod legs since the fins were entirely 
encased in bone. 


What do you think these weird fins could have been used for? 
A. — Gripping the estuary bottom C. Controlling their movement through the water 
B. | Burying themselves in sediment D. All of the above are plausible 
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D is the correct answer. Antiarch fins have puzzled paleontologists for decades, with plenty of hypotheses being 
put forward. Maybe they use them to grip the substrate in fast-flowing water or to fling up sand and bury 
themselves. Most recently it is been suggested that they use their fins like rudders to move up and down in the 
water column. The short answer is, we do not know, but any of these are plausible hypotheses. 


The antiarchs, and the ratfish-like Ptyctodont, placoderms were the most basal group of vertebrates to fertilize 
their eggs internally with claspers. Male anatomical structures used for mating. Ptyctodont claspers are similar, but 
not homologous to the claspers in modern sharks. Shark claspers are extensions of the pelvic fins, whereas 
placoderm claspers were unique structures located behind the pelvic fins. They performed the same function but 
did not evolve from a homologous structure in a shared ancestor. 


What kind of evolution are shark and placoderm claspers an example of? 


A. Convergent evolution C. Parallel evolution 
B. Divergent evolution D. | Congruent evolution 


Placoderm and shark claspers are similar structures but they are not inherited from a common ancestor. This 
means that they are an example of convergent evolution; therefore, A is the right answer. 





a Position of 1st axtended 
~~ / haemal arch 


Illustration 31 : Materpiscis attenboroughi 


In addition to having pelvic claspers, ptyctodonts gave birth to their young instead of laying eggs. In 2009, a 
ptyctodont placoderm from the Gogo Formation of Australia was described with an unborn embryo in mineralized 
umbilical cord. This extraordinary fossil was named Materpiscis attenboroughi. ‘Materpiscis’ means mother fish. The 
specific epitaph honors famous naturalist, Sir David Attenborough, who drew attention to the significance of the 
Gogo fish sites in his 1979 series ‘Life on Earth.’ 


Embryos have also been found in other placoderms, like arthrodires. Therefore, it is possible that all placoderms 
fertilized their eggs internally and gave birth to their young. Placoderms' internal skeletons were mostly made of 
cartilage, not bone; therefore, we know a lot more about their heads than the rest of their bodies. At first glance, 
they look a lot like Osteostracans, especially the bottom dwelling forms. We do have a few very good fossils like 
Ptyctodon that confirm that they did have paired pelvic fins like all jawed vertebrates and unlike osteostracans. 
They also had two dorsal fins and heterocercal or epicercal tails, which they inherited from their jawless ancestors. 
Their trunks and tails were quite slender compared to the anterior part of their body. 


Placoderms have traditionally been thought of as slow or inefficient swimmers, weighed down by heavy armor, 
ambushing prey only in short bursts. However, some researchers suggest their armor may have actually served to 
make them better swimmers, because it gave them something solid to flex their muscles against. 


- 48 - 


Paleontology - Early Vertebrate Evolution 


Placoderm vertebrae consisted of cartilaginous centra, and small y-shaped bone elements called neural and 
haemal arches, above and below the notochord. However, the main structural element was still the notochord. The 
notochord works really well as a support for small fish, but it is still flexible. It can only resist muscles to a certain 
point. Having the notochord as the main resistance to the longitudinal muscles of the trunk means those muscles 
cannot be very strong compared to how strong those muscles can be in vertebrates with bony, internal skeletons. 
Bone is much more resistant to the pulling and pushing of muscles then the notochord is. The longer a notochord 
is, the less efficient it becomes at storing and directing the energy that the swimming muscles exert. 


Think of a flexible tree branch. A short piece of a flexible branch can resist bending and bounces back pretty 
well. However, the longer it gets, the easier the branch is to bend, and the less springy it is. In small fishes, the 
notochord suffices quite well, but once vertebrates got big, the notochord was no longer enough, and placoderms 
got very big. Big does not necessarily mean slow though, and at least some placoderms, like the arthrodires, were 
probably active swimmers. It is possible that their armor actually allowed their tails to be flexible, while keeping the 
front part of the body stiff. Their armor may have also acted like an exoskeleton, providing extra resistance to the 
trunk muscles and protecting their internal organs. 


With such success during the Devonian, what do you think happened to these 
armored fishes? 


Placoderms diversify spectacularly during the Devonian, but did not survive the second of the big five mass 
extinctions, which took place at the end of the Devonian. There are a number of hypotheses as to why placoderms 
did not survive. A commonly stated hypothesis is that they were out competed by sharks. However, sharks did not 
really diversify until after placoderms died out. Placoderms may have been simply at a disadvantage, because they 
were so specialized. Placoderms had become so diverse that each group occupied a very specific niche and when 
conditions changed at the end of the Devonian, it is possible that they just could not adapt quickly enough. Their 
relatives the more derived gnathostomes had lived in the shadows of the placoderms through the Late-Silurian and 
the Devonian, and would radiate into the niches left empty after their extinction. The more derived gnathostomes 
are eugnathostomes, and they are made up of the cartilaginous fishes, which include sharks, rays, and their 
relatives. It also includes the bony fishes, like your pet goldfish, lungfish, and all tetrapods, including you. This is 
the next major played in our evolutionary tree. We have explored Chordata, Vertebrata, and now Eugnathostomata. 


What makes a eugnathostome a eugnathostome? 


PLACODERM ELIGNATHOSTOME 


JAW MUSCLES 


PALATOOUADRATE CAR TICAGE 





We share a few things with sharks and not placoderms. For one thing, our jaw muscles are lateral to the 
skeleton of our jaws. In placoderms, the palatoquadrate cartilage attached to the skull roof and the jaw muscles 
pass medially to it, internal to the jaw skeleton. Eugnathostome palatoquadrate cartilages are curved inwards, not 
outwards, and the jaw muscles pass laterally on the outside. The eugnathostomes also have true teeth. 


Recently, some researchers have suggested that some derived placoderms had teeth, but they did not grow the 
Same way that teeth in Chondrichthyes and Osteichthyes grow, and they were not replaced like our teeth are. 
Whether these teeth in placoderms are homologous with crown gnathostome teeth is still something that is being 
debated, and it is a bit beyond the focus of this course. Extant eugnathostomes, at least, replace their teeth in a 
way that placoderms did not. Let us take a quick look at some of the branches of the eugnathostome tree before 
we focus on our own lineage in the next lesson. 
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Illustration 32 : Acanthodians 


Some of the earliest eugnathostomes to appear in the fossil record are the acanthodians. Acanthodians were 
small torpedo shaped fishes with big eyes and spines on the leading edges of all their fins, except the caudal fin. 
Their scales and spines have been found from the Early Silurian, maybe even the Ordovician. They were also a very 
widespread group of fishes, and they are found all over the world, up until the Permian. Acanthodians were around 
for 150,000,000 y. To put that in perspective, that is more than twice the amount of time that separates us from 
the End-Cretaceous extinction event. Our own genus, Homo, has only been around for about 2,500,000 y. If we 
can persist for another 148,000,000 y, we are in good shape. 


There have been quite a few recent phylogenetic studies featuring acanthodians, mostly because we do not 
know quite where they fit in. They share features with both living gnathostome groups: the chondrichthyans, and 
osteichthyans. At first, they were thought of as spiny sharks. Then, for a long time, they were considered to be the 
sister group to the bony fishes. Nowadays, there are a couple of competing hypotheses. Acanthodians could all be 
stem chondrichthyans, or they could be split up on the chondrichthyan, osteichthyan, and even the gnathostome 
stems. Although, we are not sure where they fit in the gnathostome family tree, acanthodians from MOTH have 
helped us to understand better some interesting evolutionary questions. 


One of the reasons MOTH is extraordinary is because of its preservation of acanthodian and early 
chondrichthyan fossils. These little fishes had cartilaginous endoskeletons like modern sharks and cartilage does not 
preserve as well as bone, because of this, typical acanthodian fossils are disarticulated, scales, fin spines, or bony 
jaw elements; the hard parts, but not usually the whole fish. At MOTH, whole fishes have been found. They are 
rare, but not as rare as elsewhere in the world. Some of these fishes have interesting structures we do not see 
anywhere else, like tooth-like scales. 


Acanthodians were one of the oldest vertebrate groups to have teeth. Because of their age and position on the 
phylogenetic tree, it is possible that they represent some of the primitive conditions of toothed gnathostomes. One 
of those conditions seems to be strange tooth-like scales around the mouths of some acanthodians from MOTH. 
These structures were the first fossil intermediates between scales and teeth, and they help support the hypothesis 
that teeth are homologous with scales of the living crown-group gnathostomes. 


We are members of the Osteichthyes, but the Chondrichthyes are our closest living, non-bony fish cousins. 
Chondrichthyes includes all sharks, rays, and chimaeras. It is a hugely diverse and successful group, and we could 
spend a whole course talking just about the sharks. For this lesson though, we will give them a brief, honorable 
mention on our way to bony fishes. 


Chondrichthyes is united by a single unambiguous synapomorphy: their cartilage calcifies in prisms. Instead of 
being replaced by bone, the cartilage in chondrichthyans calcifies with chains of tiny apatite crystals covering the 
surface of cartilage linked together by Collagen. Because chondrichthyan endoskeletons were cartilaginous, they 
also have a poor fossil record. However, we have isolated scales that are probably chondrichthyan from the 
Silurian. It is not until the Devonian that we find numerous articulated shark fossils, and the best known of these is 
Cladoselache. Cladoselache \ived in the water column above what is now the Cleveland Shale, along with 
Dunkleosteus. It was probably food for the big arthrodira, being much smaller. It was about 2 m. The Dunk/eosteus 
is 8m. 
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The fossils of Cladoselache from the Cleveland Shale are spectacularly preserved, including traces of skin, 
muscle fibers, and even internal organs in some cases. This early shark had very few scales, big wing-like pectoral 
fins and a streamlined body, and a deep crescent shaped tail fin with powerful lateral keels. C/adoselache is one of 
the best known early chondrichthyans, but it was not primitive. This was a fast swimming predator, adapted for 
speed. Fossils of Cladoselache had been found with fish, that it had eaten tail first, meaning; it caught the prey on 
the run, so to speak. 


Chondrichthyans would undergo a major radiation after the extinction of the placoderms and become incredibly 
diverse. There are over 1,000 living species of chondrichthyans, they still occupy every marine environment in the 
world, and some are found in fresh water too. They are a fascinating group of animals, but for our next lesson, we 
will return to our own roots, in the bony fishes. The next step in vertebrate evolution would be a literal one; the 
evolution of the vertebrate limb, and the fish tetrapod transition. 
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Learning To Walk 
1 Introduction To Osteichthyes 


So far, we have travelled along the entire gnathostome stem within vertebrates, from our earliest chordate 
ancestors all the way to the living crown group gnathostomes. We briefly visited our chondrichthyan cousins in the 
previous lesson, but for this lesson, we will focus on the clade to which we belong, the bony fishes. You may not 
think of yourself as a fish, but taxonomically, we are all members of the Osteichthyes. 


You may be surprised by how many features you inherited from your aquatic ancestors. Osteichthyes means 
bony fishes, which is a bit confusing considering we have been examining all kinds of fishes with bone up until this 
point. Most stem gnathostome groups had bone, but the vast majority of their bones were dermal. Some like the 
Osteostraci and placoderms also had perichondral bone, which is a thin layer of bone that forms around cartilage. 
Most of what we know of their internal anatomy comes from these perichondral ossifications. In the Osteichthyes, 
we see the addition of extensive endochondral bone, which is what we usually think of when we envision a bone. 


1.1 Endochondral Bone 
In a former lesson, we describe two types of bone. 


How does endochondral bone form? 
A. — It replaces cartilage C. It is replaced by cartilage 
B. It forms around cartilage D. It forms without cartilage 


Most of our bones, especially our long bones like those in our limbs, are endochondral. This type of bone starts 
as a Cartilage precursor, which is replaced by bone, or ossified, during development. This means A is the correct 
answer. 


Endochondral means within cartilage, because this type of bone replaces the original cartilage skeletal element. 
Bone is deposited around the cartilage, but as replacement of the cartilage by bone continues, blood vessels invade 
the degenerating cartilage matrix allowing more bone cells to be deposited internally, while other cells gradually 
dissolve the cartilage away. The cartilage ends up being completely replaced by a network of bone containing blood 
vessels and nerve canals. Endochondral bones are very spongy on the inside, and this spongy bone is surrounded 
by an outer rind of dense, hard, compact bone. This means the bones can remain very strong while being lighter 
and more flexible than they would be if they were dense bone all the way through. 


Osteichthyans have endochondral bones around the brain and in the girdles for fins or limbs. They also are the 
first group to have ossified vertebral centra, whereas chondrichthyans have vertebral centra made from calcified 
cartilage. The endochondral ossification is conserved in all bony fishes; tetrapods included. 


Aside from endochondral bone, what make an osteichthyan an osteichthyan? 





Illustration 33 : Eusthenopteron foordi (Reconstruction) 


Osteichthyes is a well-supported clade with several synapomorphies. Let us use a very famous early 
osteichthyan from Miguasha, to go through a few examples. This is ‘Eusthenopteron foora/, one of the most well 
known Devonian osteichthyans. A Swedish paleontologist, Erik Jarvick, spent decades grinding away fossils of 
‘Eusthenopteror’ millimeter by millimeter to create beautifully detailed 3D re-constructions of the skull using thin 
wax plates. This detailed work means ‘Eusthenopteror’ was incredibly well-known inside and out, long before the 
days of CT-scanning and computer reconstructions. In the skull of ‘Eusthenopteror’, in the skull of all Osteichthyes, 
including ourselves, are complex assemblages of endochondral bones surrounded by dermal bone. The 
endochondral brain case of ‘Eusthenopteror’ is covered over, both dorsally and ventrally, by dermal bones, many of 
which are homologous with our own skeletal bones. 
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1.2 Dermal Bone Formation 
Dermal bone is the second type of bone we discussed in a former lesson. 


How does it form? 
More than one answer might be correct so check all that apply. 
A. — From cartilage C. Around cartilage 
B. Inthe skin D. Without cartilage 
Dermal bone forms without a cartilage precursor and forms in the skin. Therefore, B and D are both correct. 


The skull roof in ‘Eusthenopteror’ is made up of a series of dermal bones that were inherited by tetrapods, 
including the parietal bones, which make up a large part of our skulls. Dermal, tooth-bearing bones, called the 
maxilla, premaxilla, and dentary, form the margins of the mouth, covering the palatoquadrate and Meckel's 
cartilages. 





Illustration 34 : Operculum 


Osteichthyans also have a large plate of dermal bone that covers and protects the gill arches, called an 
operculum. In many osteichthyans, including ‘Eusthenopteror’, additional bones protect this area. These are the 
preopercular and subopercular. 


Osteichthyans have a well-developed pectoral girdle, which, like the skull, is composed of both endochondral 
and dermal elements. Their scapulocoracoids were endochondrally ossified. However, osteichthyans also have a 
series of paired dermal bones in the pectoral girdle. 





Illustration 35 : Cleithrum 


The cleithrum is a dermal bone that connects to the scapulocoracoid. The dermal bones dorsal to the cleithrum, 
reaching up to attach to the back of the skull, are the supracleithrum and posttemporal bones, ventral to the 
cleithra are the clavicles, and a single interclavicle between them. 


1.3. Dermal Bones And Movement 


How do you think all these dermal bones affect the movement of the fish? 
A. — They have no effect C. They restrict the movement of the head 
B. — They slow the fish down D. They restrict the movement of the pectoral fin 
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All these bones mean the pectoral girdle is very firmly connected to the back of the skull; therefore, they restrict 
the movement of the head. This makes C the correct answer. Non-tetrapod bony fishes have no neck. If your pet 
goldfish wants to turn in another direction, it has to turn its whole body. 


Osteichthyes is a clade made up of two sister groups, the Actinopterygii and the Sarcopterygii. The split between 
these two groups occurred very early after the evolution of bony fishes, and even the earliest fossil Osteichthyes 
are either actinopterygians or sarcopterygians. Both actinopterygians and sarcopterygians have fins supported by 
lepidotrichia, dermal fin rays. Their median fins are supported by long thin bones called radials. The most obvious 
difference between the fins of actinopterygians and sarcopterygians give these two groups their names. 
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Sarcopterygian Actinopterygian 


In the sarcopterygians, the lobefins, or fleshy fins, the bones supporting the fin rays and their associated 
muscles are on the outside of the body of the fish. In the actinopterygians, the ray fins, the paired fins are 
supported by radials that, along with their associated muscles, are embedded inside the bodies of the fish. This 
means all of their external fins are webs of skin supported by fin rays. 





Phen as 


Illustration 36 : Cheirolepis 


Actinopterygians are incredibly diverse, comprising nearly 99 % of all living fishes and occupying every aquatic 
environment. Most living ray finfishes are extremely derived and specialized. However, some of their primitive 
features can be seen in ‘Che/ro/epis', another fish from Miguasha. Actinopterygians like ‘Che/ro/epis' have only one 
dorsal fin, and their tails are heterocercal. Instead of an epicercal lobe of the tail, the part of the fin that is dorsal to 
the notochord, these primitive actinopterygians have rows of large scales. In later actinopterygians, the tail is 
modified and its external shape is symmetrical, but the tail skeleton remains asymmetrical; in other words, 
heterocercal. 


Another synapomorphy of Osteichthyes may surprise you; the ancestors of all bony fishes had lungs. We do not 
usually think of fish as having lungs, but they do, or at least they did, and some still do. Lungs in fishes are 
outpocketings of the esophagus that will allow fishes to swallow air to supplement O they absorb through their gills. 
Most sarcopterygians retain their lungs, but in almost all living actinopterygians, the lungs have been replaced by a 
swim bladder that is probably homologous to the lung. 
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Illustration 37 : Polypterus ansorgif 


The swim bladder's main function is to help regulate the fish's buoyancy in the water column. The earliest 
branching lineage of ray fin fish, the bichir ‘Po/ypterus’, is derived in many other ways, but it lacks several 
synapomorphies of more derived actinopterygians, like the modified upper jaw bones. It also retains many primitive 
characteristics, like lungs. Adult ‘Po/ypterus’ can actually drown if they are not able to breathe air. They can survive 
out of water for quite some time. 


Actinopterygians also had heavy diamond shaped scales made of dentine and deep layers of acellular bone. The 
surface of the scales is covered with thick layers of a shiny, hard substance called ganoine, which is a form of 
enamel. In many living groups of actinopterygians, these scales have been modified to become lighter, and some 
groups lose their scales entirely. However, other groups, like polypterids and gars, retain their heavy, shiny ganoid 
scales. These scales preserve well, and so are extremely common fossils. 


Actinopterygians are arguably the most successful group of vertebrates. The oldest actinopterygian fossils are 
from the Late Silurian. They rapidly diversified towards the end of the Devonian and expanded into every aquatic 
environment in the world. They are a truly fascinating vertebrate success story. However, our own story is mostly 
concerned with the other group of osteichthyans, the sarcopterygians. 


2 The Lobe-Finned Fishes 


Sarcopterygians are the lobe-finned fishes. As I mentioned earlier, their paired fins are muscular and supported 
by articulating robust bones. A single bone articulates with each limb girdle, the humerus in the pectoral fin and the 
femur in the pelvic fin. These bones are homologous with our humerus and femur. The fins contain other bones, 
but it is more difficult to homologize them with specific bones in the tetrapod limb. Eventually, the early 
sarcopterygian fins would become modified to form the tetrapod limb. 


Sarcopterygians also differ from actinopterygians in a few other ways. Many of these features are present in our 
Devonian sarcopterygian from Miguasha, *Eusthenopteror’. Extinct sarcopterygians had scales made of a lamellar 
bone topped with a layer of spongy bone and a dentine-like material called cosmine, which is shiny, but not as thick 
and heavy as guanine. Cosmine is permeated by a network of tiny tubules that may have been part of an 
electro-sensory system. Cosmoid scales are modified in different ways in living sarcopterygians. 


Sarcopterygians also have two dorsal fins and the tail in many sarcopterygians had a lobe on either side of the 
notochord with both lobes supported by lepidotrichia. This type of tail is called diphycercal or isocercal. Finally, 
sarcopterygian brain cases form as two distinct units that are joined together by a mobile hinge joint. On the skull 
roof of ‘Eusthenopteror’, you can see this hinge as a straight unfused joint between the parietal and postparietal 
dermal bones. We are not sure what the hinge was for, but one possibility is that it allowed the animal to open its 
mouth wider to take larger prey. Tetrapods also inherited their skull bones from sarcopterygian fishes, although a 
few bones were modified or lost all together in the transition from fish to tetrapod. 


2.1 Lobe Fins 


Living actinopterygians are extremely common, but living non-tetrapod sarcopterygians are less common. 


Which of these living fishes is a sarcopterygian? 
More than one answer may be correct, so check all that apply. 


A. Ocean sunfish C. Lungfish 
B. Coelacanth D. Atlantic salmon 


The coelacanth and lungfish are both sarcopterygians; therefore, B and C are both correct. If you look at their 
fins, you can see a fleshy lobe of muscle that is external to the body wall supporting them. 
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Illustration 38 : Latimeria chalumnae 


Sarcopterygians were a diverse and successful group of fishes during the Devonian and Carboniferous, and they 
frequently occupied the position of top predator. Today, they are represented by only two groups of non-tetrapods, 
the coelacanth, and the lungfish. Coelacanths were very diverse in the Mesozoic, but are represented today by a 
single genus, ‘Latimerid’. ‘Latimerid is, of course, most famous for being discovered in a South African fish market 
in 1938 after coelacanths were believed to be extinct since the Cretaceous. 
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Illustration 39 : Lungfish (Neoceratodus forstert) 





Lungfish are best known for being able to breathe air using their lungs, hence the name. They were also very 
common during the Devonian, but are today represented by only three genera restricted to South America, 
Australia, and Africa. 





The group of sarcopterygians that contains our ancestors is a group that fine-tuned their breathing apparatus. 
Early osteichthyans could only get air into their lungs by opening their mouths to gulp and swallow. Look at a 
ray-finned fish in an aquarium when you get a chance. If you look closely, in the front of each eye is a pair of small 
holes. These are the nares, which are homologous with our nostrils. Actinopterygians have paired nares. One is the 
excurrent naris, and the other is the incurrent naris. Water flows in through the incurrent naris into the olfactory 
capsule, which lets the fish smell. It then flows out through the excurrent naris. The nares are not connected to the 
mouth at all. 


In a group of sarcopterygians called the Tristichopteridae and their descendents, tetrapods, the nares have been 
modified. They open to the inside of the roof of the mouth. You can see this in ‘Eusthenopteror’. Instead of 
incurrent and excurrent nares, it has external and internal nostrils. This means that these fishes could raise just 
their nostrils above the water to breathe by getting air into the mouth from the nose. 
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‘Eusthenopteror is a typical example of what our last fully-aquatic ancestors looked like at the starting-point of 
the fish tetrapod transition. Unlike the origin of jaws, the origin of tetrapod limbs is one of the best-described 
transitional sequences in vertebrate paleontology. There is a clear and gradual change from fins to limbs in 
progressively more tetrapod-like fossil fishes. To explore this transition in detail, we will look at some progressively 
tetrapod-like fishes, starting with ‘Eusthenopteror’. This may be a good time to a look at our phylogenetic tree and 
look specifically at the branches of the tetrapod stem. 


‘Eusthenopteror’ has internal nostrils, but it is otherwise still very much a typical sarcopterygian fish. It has two 
dorsal fins, a relatively short snout made up of many, small bones, and its endochondral scapulocoracoid is 
connected to its skull via the cleithrum and other dermal bones of the pectoral girdle. The scapulocoracoid is 
relatively small. The attachment area for the humerus called the g/eno/d fossa, faces posteriorly and ventrally, or 
back and down. The limb bones are flattened and bear lepidotrichia. ‘Eusthenopteror’ was often depicted as 
somehow crawling out on land, or reconstructed in some way that suggests it was a tetrapod precursor. However, 
there is no evidence to suggest it ever climbed out on land. In fact, as we will see, fish did not crawl out on land 
and then grow legs. It happened quite the other way around. 





Illustration 40 : Panderichthys (Reconstruction) 


‘Panderichthys’ was another Late Devonian fish, even more closely related to tetrapods than ‘Eusthenopteror’. It 
is the first tetrapod-like fish to show obvious adaptations for life in very shallow water. It is slightly depressed, or 
dorsoventrally flattened; it lacks dorsal and anal fins and has a dorsoventrally flattened skull. Its eyes sit right on 
top of its skull, as did its spiracles, which were probably used to help supplement its air intake. This suggests the 
fish may have lifted the top of its head out of the water to breathe. 


The skull in “Panderichthys' is more tetrapod-like than that of ‘Eusthenopteron® It has a frontal bone in the skull 
roof and a longer snout than ‘Eusthenopteror’, closer to the condition in tetrapods. The intracranial hinge joint that 
we saw in ‘Eusthenopteror’ is very convoluted and the two bones are sutured in ‘Panderichthys’, meaning the joint 
was no longer a mobile hinge. This suggests the skull had to withstand sometimes the force of gravity and supports 
the hypothesis that ‘Panderichthys’ may have lifted its head out of the water. Its pectoral fin skeleton is also more 
robust than that of ‘Eusthenopteror’. ‘Panderichthys' was probably an ambush predator, lurking in shallow, muddy, 
Late Devonian waters, with only the top of its head visible. 





Illustration 41 : 7iktaa/ik roseae (Reconstruction) 
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Another more recently discovered fishapod has quickly made its way into popular culture as a beautiful example 
of a transitional fossil between fishes and tetrapods. *7/ktaal/ik roseaé was discovered in the Canadian Arctic and 
first described in 2006. ‘ 7/ktaalik is also a fantastic example of how paleontologists use the available clues to look 
for what should be there according to the existing fossil record and find it. 


‘Tiktaalik was not found purely by luck or happy accident. The team of paleontologists looked at the existing 
fossil record to figure out where and when they'd be likely to find a fish-tetrapod transitional fossil. Based on the 
existing fossil record, it was obvious that there should be such a transitional fossil out there somewhere. The 
researchers decided to examine rocks that were laid down between the age of *Panderichthys' and the earliest fossil 
tetrapods. 


If they were going to find a transitional fossil, they would expect it to be between 363,000,000 and 
380,000,000 y old from the Middle Devonian. They then looked for freshwater rock deposits of that age, exposed at 
the surface, because the earliest tetrapods and tetrapod-like fishes are almost entirely from fresh water deposits. 
Out of three Devonian fresh water deposits in North America, only one was completely unexplored. Therefore, that 
is where they went, Ellesmere Island in the Canadian Arctic territory of Nunavut. 


They headed north in 1999, and on the second expedition in 2000, they found Bird Quarry, which would 
eventually yield remains of * 7/ktaalik in 2004. * 7iktaalik was exactly when and where the scientists expected to find 
it, based on the existing fossil record and phylogenies. It is a fantastic example of the kind of detective work 
paleontologists do to find fossils. While some are lucky finds, most are searched for with well-researched intent. 
‘Tiktaalik shares a suite of features with sarcopterygian fishes and tetrapods. 


2.2 Shared Features Of ‘7iktaalik 


Looking at ‘7iktaalik,, which features did this animal share with sarcopterygian 
fishes? 

A. _ A lateral line Aas Dorsal fins 

B. Scales D. — Unossified vertebral column 


‘Tiktaalik has scales, a lateral line system, and an unossified vertebral column like sarcopterygian fishes. 
Therefore, A, B, and D are all correct. These all suggest it spent most of its time in the water. 


‘Tiktaalik was really a fish with legs; it just lacked four feet. The pectoral fin in ‘ 7/ktaa/ik is very well developed, 
with an elbow and a wrist that was capable of flexing. It could have supported at least some of its weight on its 
four limbs. *7/ktaalik could have done somewhat awkward push ups. It also has a very robust pelvic girdle, 
although the pelvic fin itself is not known yet. 


‘Tiktaalik also has the beginnings of a neck, as it had lost the dermal bones in the pectoral girdle, dorsal to the 
cleithrum. This means the pectoral girdle was no longer connected to the head. *7/ktaa/ik could have raised its 
head without having to reposition its entire body, like you and I, but unlike your pet goldfish. *7/ktaal/ik also has 
broad overlapping ribs that it shares with early tetrapods. In tetrapods, these ribs support the body out of water 
and help with breathing air. 


Finally, *‘7/ktaa/ik has a large, dorsoventrally flattened head with a long snout, like a tetrapod, with large, 
spiracular notches at the back. This contradicts the popular depiction of the fish crawling out onto land and then 
evolving into a tetrapod. Most tetrapod features evolved first in early aquatic animals. 


2.3 Using Finned Limbs 


Why would an aquatic animal need all these tetrapod features? In particular, why 
would it need limbs? What would be the good of being able to support some of 
your weight on your limbs? 


Choose what you think the best explanation for what * 7/ktaa/ik could have used its finned limbs. 
A. Paddle through water C. Capture prey 
B. Bury itself in mud D. — Push its head above the water to breathe 


One clue to the question is those large spiracular notches in the skull of ‘7/ktaa/ik’. It is possible that * 7/ktaa@lik 
did push ups to get its spiracles and nostrils clear of the surface of the water to take in air. 
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During the Middle to Late Devonian, land plants had become much more diverse and wide spread, and all of this 
growth led to increased amounts of decaying plant matter in the water. As bacteria break down the plant matter, 
they use up the dissolved O in the water. Therefore, all of this decay meant streams and lakes were depleted in O. 
In the Late Devonian, there was also an interval when the atmospheric O-concentration was lower than it had ever 
been before. It is possible that this low o-concentration created a selection pressure towards the evolution of better 
breathing adaptations. 


This widespread anoxia was also a major factor in the Late Devonian extinction event that affected many marine 
organisms, like placoderms. The amount of O in the air is quite a bit higher than in the shallow waters, like the 
meandering streams and floodplain environments where * 7/ktaa/iK lived. 


During this Late Devonian Period of O depletion, it would have been very advantageous to be able to get O by 
breathing air instead of, or as well as, getting O through the gills from water. A shallow water dwelling fish like 
‘Tiktaalik, with the ability to lift its head out of the water and to support its body weight on its limbs, would have 
the best chance of survival. It is possible that it could have even become able to leave the water for short periods. 
By the Latest Devonian, when we find the most primitive tetrapods with feet, atmospheric O had returned to its 
former level. 


3 Primitive Tetrapods 


The best-known and most primitive tetrapods, by which we mean vertebrates with four limbs and feet with 
digits, are ‘Acanthostegd and ‘Ichthyostegd. Both taxa are from the latest Devonian of Greenland. ‘Acanthostegd' is 
generally considered the more primitive of the two, although, it had some features seen in the later tetrapods that 
‘Ichthyostegd lacks. 


Do you notice anything weird about their feet? 


Early tetrapods had more than 5 digits. ‘Acanthostegd had 8 digits in it is manus, or hand, and probably just as 
many in its pes, or foot. It has a very tetrapod-like skull roof with a long snout and large eyes on the top of its 
head. Its skull also has a pair of notches at the back that may have been spiracular notches. It had an ossified 
vertebral column but its vertebrae were not differentiated into distinctive neck and trunk regions. It also had fully 
functioning gills as an adult, a lateral line system and a well-developed tail with lepidotrichia. 


3.1 Walking 


Compare the skeleton of “Acanthostegd to a living terrestrial tetrapod, in this case, a dog. 
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Do you think that ‘Acanthostega' would have been able to walk very well on land? 
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Yes, because it has feet with toes 
Yes, because it does not have wrist and ankle bones 


No, because it has limbs that point posteriorly 
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No, because it does not have a neck 
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The limbs in ‘Acanthostegd@ were tetrapod legs with digits, but they probably were not used for walking. The 
limbs point posteriorly, and the shoulder joints anatomy means it could not have swung the limbs forward enough 
to allow it to walk; therefore, C is the correct answer. 


In addition to the limb orientation, there are a few other features in ‘Acanthostegd that suggest it did not 
regularly support its weight on its limbs. The radius is much longer than the ulna, meaning the elbow probably 
could not bend much. The wrists and ankles are poorly developed. The hind limb is paddle-like, with flattened and 
overlapping tibia and fibula; good for swimming, but not for bending at a knee. Its pelvis was also small, but was 
probably connected via ligaments to a sacral rib. In terrestrial tetrapods, the sacrum connects the pelvic girdle to 
the vertebral column, and the presence of a sacral rib means there was some connection between the hind limb 
and the back bone, although the back legs probably were not weight bearing. 


“Acanthostegd? was almost certainly a primarily aquatic animal. It also happened to have feet with digits. Now 
digits have traditionally been thought of as being virtually essential terrestrial adaptations. Their presence in 
‘Acanthostegd suggests that this is not the case. Although we have no idea what function they performed in this 
aquatic animal, it probably used its limbs to push itself around the vegetation in the river channels in which it lived. 
However, the presence of a sacral rib means it may have been able to support it is weight out of the water for brief 
periods, but it could not have been very good at it. 


‘Ichthyostegd also from the Late Devonian of Greenland was the first Devonian tetrapod to be found and 
described, in 1932. It is probably the best-known early tetrapod. Its skeleton is much more solid and robust than 
that of ‘Acanthostega. The vertebrae in ‘Jchthyostegad, are differentiated into distinct regions and the thoracic 
vertebrae, they bear expanded overlapping ribs. The ribs overlap so extensively, that the animal's torso could not 
have moved much side to side. ‘/Jchthyostega, must have flexed it is spine more vertically then laterally. 
‘Ichthyostegd also has large forelimbs and robust pectoral girdles. The cleithrum is still the largest part of the 
pectoral girdle, but the radius is shorter and more tetrapod-like than in ‘Acanthostega’. The wrist and manus are 
not known. The pelvic girdle is robust and articulates directly with a sacral rib, but the hind limb is paddle-like. It 
has 7 toes in its pes, which points posteriorly. It would not have been able to rotate its toes forwards, making it 
unlikely that the hind limbs were used for walking. 


Was ‘Ichthyostegd a terrestrial tetrapod as it was so often reconstructed? 


It is possible that it could have supported its weight on at least its front limbs out of the water. However, it is 
elbows and knees could not have flexed very much, and the forelimb could not fully extend. It also has gill arches 
and a small opercular element suggesting it retain functional gills. In addition, it had a lateral line system and a tail 
fin. Taken all together it seems ‘/chthyostegd was primarily aquatic. Maybe, it lurked at the water's edge and could 
lunge out like a crocodile, when it had, to using its front legs to lurch along and its back legs to stabilize itself. Many 
of the features that we think of as tetrapod features evolved primarily in aquatic animals. Therefore, no one can 
deny that ‘Acanthostegd and ‘Ichthyostegd have limbs or digits, but they were in many other ways still aquatic. 
Later tetrapods would evolve increased skeletal support allowing them to support their bodies outside of the water. 
Although, early tetrapods remained aquatic as juvenile they would eventually become terrestrial as adults. There 
are a few ways to tell whether tetrapods were primarily terrestrial or not, and these have to do with the kinds of 
adaptations that are necessary to be successful out of the water. 


3.2 An Expected Change 


What changes would you expect to see in a tetrapod living on land that is not 
necessary for vertebrates living in water? 


A. Smaller tails oF Bigger eyes 
B. More robust bones D. Smaller teeth 


Terrestrial tetrapods have to be able to support their weight on their limbs, without any help from the buoyancy 
of water. Even limbless vertebrates, like snakes, need to protect their organs with strong ribs that encircle their 
body cavity. This means terrestrial vertebrates need robust bones; therefore, B is the correct answer. 


As you travel further into the tetrapod tree, the paired limbs become larger, more robust, and more flexible with 
well-developed shoulder, hip, elbow, knees, wrists, and ankle joints. The digits eventually stabilized at five or fewer 
in each manus and pes. The sacrum became more robust as did the vertebral centra, and the neck became better 
developed. The first two vertebrae become modified to allow for movement of the head, creating the neck. 
Terrestrial vertebrates also lose some of the features they inherited from their aquatic ancestors, like gills, a lateral 
line, and fin rays. These are useful in the water, but serve no function, and may have been a hindrance on land. 
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Terrestrial vertebrates also had to sense things in their environment in entirely new ways. If you have ever tried 
to see or hear under water, you know that your senses do not work in quite the same way as the do in the air. 
Likewise, fishes are very well adapted to finding food in the water, but those adaptations do not function as well in 
the air. Air and water refract light differently; therefore, the lens in the eye has to change to adapt to seeing in one 
or the other environment. 


‘Panderichthys' could probably see out of the water, so the ability to see through air could have evolved long 
before the first terrestrial tetrapods. Although changes in vision do not fossilize well, we can see changes in hearing 
reflected in the tetrapod’s skeleton. The density of fish bodies is close to the density of water. Therefore, sound 
waves can pass from the water, right through into the inner ear and otic capsules of the brain of the fish, with no 
loss of intensity. This means, fishes do not need any kind of special adaptations to transfer sound to the sensory 
cells of their inner ear. Air, on the other hand, is much less dense than both water and vertebrate bodies. Sound 
waves traveling through air, when they hit the body tissues, would mostly reflect off, rather than being transmitted 
to the sensory organs. In order to hear anything, a terrestrial vertebrate needs some mechanism to collect and 
amplify sound waves and transmit them into a form that can be picked up by the sensory receptors in the inner 
ear. This mechanism is called an impedance matching middle ear. 


Impedance is complicated but it means the amount of resistance something presents to sound waves passing 
through it. If the impedance of two substances is very different, sound waves will bounce off the boundary 
between the two substances rather than passing through it. In terrestrial vertebrates, the middle ear is composed 
of two main parts: the tympanum, or eardrum, and the stapes. 


TEMPORAL BONE SEMICIRCULAR CANALS 





The tympanum is a membrane of skin stretched over the opening that used to be the spiracular notch. The 
stapes is a modified hyomandibula, which supported the jaw arch in most fishes. The middle ear cavity is therefore 
homologous with the spiracle in aquatic vertebrates. The tympanum collects sound waves and concentrates them. 
The stapes transmits those sound vibrations to a small opening in the otic capsule called the ‘Fenestra ovalis,’ which 
means the oval window. By concentrating the sound into such a small area, it is amplified enough that sound can 
be detected by the sensory cells in the inner ear. 


It is hard to tell whether a notch on the back of the skull is a spiracle or had a tympanum; therefore, we mostly 
rely on the form of the stapes to tell us whether a tetrapod had an impedance-matching middle ear. If the stapes 
were big and robust, it would not have worked well in transmitting sound waves. Therefore, it probably acted as a 
strut to brace the side of the skull against the brain case. For the stapes to effectively transmit and concentrate 
sound, the stapes had to be slender and delicate. Therefore, animals that had skull notches, slender stapes, and no 
obvious aquatic adaptations, like a lateral line, were probably, primarily terrestrial as adults with 
impedance-matching middle ears. 





Illustration 42 : Seymoria baylorensis 
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‘Seymourid, a Permian tetrapod from the US, is an example of a tetrapod with aquatic larvae, but terrestrial 
adults, with impedance-matching middle ears, robust limbs, stocky bodies, and short tails. Once tetrapods were 
able to move about and sense airborne stimuli effectively on land, they rapidly diversified and spread all over the 
world, probably taking advantage of the arthropod prey that lived in the first forests. All the features, they inherited 
from their early vertebrate ancestors would be passed down to their descendants, including ourselves. 


The transition from aquatic fish to terrestrial tetrapod is a major milestone in the evolution of vertebrate 
animals, and this is where we end our whirlwind tour of our ancient relatives and ancestors. This journey, from 
spineless chordate to jawed fishes, to land roving tetrapods, took approximately 200,000,000 y, and that is nearly 
half the time of the entire existence of vertebrates. We squeezed it into a mere few hours. There is much more to 
the story than we can cover in this MOOC. Paleontologist Neil Shubin, who is one of the discoverers of * 7/ktaa/ik, 
wrote a best-selling book titled ‘Your Inner Fish.” One could not have chosen a better phrase to capture the core 
reason why we should study early vertebrate evolution. 


Think of the long evolutionary road that has lead, well, to you. Each of us is walking proof of a deep ancestry 
that traces all the way back to the Devonian, Silurian, and even Cambrian. It is our hope that after this course, you 
have become more acquainted with your inner fish. 


Where do we take it from here? 


You can learn more by visiting a natural history museum in your area, registering at the ‘University of Alberta's’ 
other new courses in paleontology, or investigating our program here at the ‘University of Alberta.” I hope to see 
you again. 
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Additional Readings 


1 The Phanerozoic Begins 
1.1 Meet Your Inner Fish 


In English, ‘having a backbone’ can refer to someone courageous or having principles, while having no backbone 
suggests cowardice. However, ‘having a backbone,’ means something else entirely to biologists and paleontologists. 
Having backbones (vertebrae) is a hallmark of being a vertebrate animal. It sets us apart from insects, mollusks, 
worms, and jellyfish, and it unites us with sharks, eels, mackerels, salamanders, turtles, canaries, apes, mice, and 
many more animals. Numerous evolutionary changes have shaped our path. Our ancestors evolved fins to swim 
with, and in some groups, the fins became limbs with which to walk. Forelimbs became wings in birds and bats, 
and our more recent ancestors used their hands to make tools. It is the first 200 million years of the great saga of 
vertebrate evolution that we will explore in this course. We will see how vertebrates emerged, how biting jaws 
arose, and how vertebrates evolved fins and eventually arms and legs. As a vertebrate animal, you have inherited 
remnants of this evolutionary past in your own body. To reflect on the vertebrate characters you have is to discover 
your own ancestry, like finding long-forgotten memorabilia in the attic of an old family house. 


1.2 The Common Language Of Evolution 


To examine the features you share with fishes, and to understand their evolution, a basic knowledge of what 
particular structures are called and why, is necessary. 


For this course, we assume that you are familiar with phylogenetic trees, the concept of geological time and 
plate tectonics, how fossils form and are preserved, and some basic vertebrate skeletal anatomy. If you are not 
sure about any of these topics, or if you would like a refresher of some terms and concepts, you may want to look 
at the material in our course: Dino 101. If you see any terms that you are unsure about, you can also look them up 
in our glossary, available on the Coursera website. 


1,2.1 Homologous Traits 





This general phylogenetic tree illustrates a synapomorphy. Animals B and C share derived trait ‘2’, that animal A does not. 


The first important term for you to know is homology. Homology describes a shared ancestry between two or 
more different features, or traits, in different organisms. Homologous traits, or homologues, are traits that are 
inherited from a common ancestor that had the same characteristic. When a homologous feature is shared by all 
the members in a single group, it is a shared, derived character, called a synapomorphy. 


| HuMmans | 
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This phylogenetic tree illustrates the relationships of birds, kangaroos, and humans, and hair as a synapomorphy of kangaroos and humans. 
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For instance, humans and birds are both vertebrates. We both inherited our skeletons from a common 
vertebrate ancestor that we share with all other vertebrates, so our human skeleton is homologous with that of 
birds. Humans and kangaroos are both members of a smaller group within vertebrates, called mammals. We share 
hair with kangaroos, which birds do not have, because we, kangaroos, and all other mammals inherited hair from a 
common ancestor that was more recent than the ancestor we share with birds. Hair is a synapomorphy of 
mammals. 


1,2.2 Convergent Evolution And Analogous Traits 


On the other hand, convergent characters are traits that appear similar, but arose independently, often due to 
similar environmental or ecological pressures, and are not derived from a common ancestor. Convergent 
evolution often results in analogous traits. Analogous traits, or analogues, are traits that appear to be similar 
due to a shared function, but are not inherited from a common ancestor with the same trait. Insects and birds both 
have wings, but they did not inherit these from a winged common ancestor. Insect and bird wings are therefore 
analogous traits. 


For another example, let's take a look at the wings of birds, bats, and pterosaurs. If we were to look at these 
animals on a simplified phylogenetic tree we would see that the last ancestor these animals shared was a primitive 
terrestrial tetrapod with walking limbs. These animals did not inherit their wings from a single common, winged, 
ancestor; the wings evolved independently in these distantly-related lineages. The wings are therefore convergent, 
or analogous, features. 








The arm of a Bat, Bird, and Pterosaur 


On the other hand, look at their arm bones. They all have the same limb bones: a humerus, radius, ulna, 
carpals, metacarpals, and phalanges. These bones are also arranged in the same way in all three limbs, even 
though the shapes of some bones are different. The bones of the arms in these animals are all similar because they 
inherited them from this terrestrial common ancestor. Therefore, the limb bones are homologous features. 


However, these limbs have also been modified, through mechanisms of evolution such as natural selection, from 
their ancestral terrestrial form to function for flight. Therefore, this makes them analogous structures as wings. It 
is important to remember, when we talk about homologous and analogous traits, that the same feature can be 
homologous at one level and analogous at another. These features are analogous as wings, but homologous as 
limbs. In the same way, many of the traits we see in our earliest chordate ancestors are homologous with many of 
the features we see in vertebrates today, but several have been modified over time from their ancestral forms. 


1.3. Chordata And Vertebrata 


Humans, other mammals, reptiles, birds, amphibians, and fishes are all part of a large clade of animals called 
the Vertebrata, or vertebrates. A clade is a group of organisms that includes the common ancestor of the group 
and all of its descendants; this is also called a monophyletic group. Vertebrates are part of a larger clade called 
the Chordata, which is a group of animals with a stiff cord in their back. 


That Vertebrata is nested within the larger clade Chordata has two implications that are important for this 
course. First, all vertebrates are chordates, but not all chordates are vertebrates. Second, chordate animals that are 
not vertebrates are the closest relatives of vertebrates. Some invertebrate relatives of ours are cephalochordates 
(lancelets) and tunicates (sea squirts). 
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Cephalochordates are small, simple, marine animals. Cephalochordates have blocks of v-shaped muscles from 
the head to the tail called myomeres, a stiff rod formed by a fluid-filled fibrous sheath called a notochord, a series 
of external openings called pharyngeal slits, a mucous-secreting structure in the pharynx called an endostyle, 
and a tail that extends past the anus. These features are evidence for a shared ancestry between cephalochordates 
and vertebrates (synapomorphies) 





Cephalochordate (Sranchiostoma floridae) in right lateral view 


Another group of marine animals is also included in the Chordata; the urochordates, also called tunicates or 
sea squirts. Adult sea squirts do not seem very similar to vertebrates. 


However, juvenile, or larval, tunicates swim freely or float in the water column and have a very different 
appearance than their adult forms. Larval tunicates have a notochord, pharyngeal slits, and an endostyle like 
cephalochordates and vertebrates. Cephalochordates, tunicates, and vertebrates are grouped together in a large 
clade called Chordata, due to the presence of these features. 









ot 
= 
— T 
1 r 
Fos | 
ri; r 
| = 
" J ol LF a 
As a ye! F 
a t | | a 
ae | | iain ro i 
* + - 
* “ay LF i = 
whats a a Po 
F a 
—— — 
== 


Comparison of adult and larval tunicate body structure: 
Color code: Purple: Dorsal, hollow nerve cord; Light Blue: Notochord; Dark Blue: Pharyngeal slits; Red: Approximate position of the Endostyle 


1,3.1 Chordate Synapomorphies 


Let us focus our attention on four characters that unite cephalochordates, tunicates (sometimes called ‘sea 
squirts’), and vertebrates. These are a notochord, a dorsal hollow nerve cord, pharyngeal slits, an endostyle, 
and a post-anal tail. 


A notochord provides an anchoring point for muscles to attach to and pull against. The notochord is the 
beginning of the vertebrate endoskeleton, or internal skeleton. This is different from the hard exoskeletons, or 
external skeletons, found in invertebrates like crabs, spiders, and insects. The notochord has been structurally 
replaced by the vertebrae in the adult bodies of most vertebrates, but even you have a notochord for a little while 
when you are a developing embryo. The fact that we can see a remnant from the early days of our chordate 
ancestors in our embryonic development is just one of the ways that developmental biology contributes to our 
understanding of evolutionary processes and our evolutionary history. 
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Above the notochord is another important feature found only in chordates: the dorsal hollow nerve cord. 
Some animals, like earthworms and insects, have a nerve cord that is solid and located ventrally in the animal, so 
that it runs along the belly. Chordates, however, have a nerve cord located dorsally, so that it runs along the back. 
Because of the way it forms, rolling up from the sides, it is hollow. It sits above the notochord and has nerves that 
branch out to send commands to muscles along the body. In humans, this dorsal hollow nerve cord is enclosed by 
the vertebrae of our backbone (properly referred to as the vertebral column), which you may know as the spine. 


If you look at the anterior part of a non-vertebrate chordate, you can see a series of narrow openings. These 
are pharyngeal slits, which become the gill openings in fishes. Pharyngeal refers to the region around the throat, 
or pharynx. In fishes, the gills are used for respiration: transferring O into the bloodstream. Cephalochordates and 
tunicates use their pharyngeal slits for eating: they bring water into the pharynx and filter food from it, before 
expelling the excess water. There is some evidence that pharyngeal slits actually pre-date chordates, and are 
primitively present in the larger group (the Deuterostomia) that encompasses all of the chordates plus their 
relatives the hemichordates and echinoderms, which are the starfish and sea urchins. Pharyngeal slits are not found 
in living echinoderms but there is evidence that some fossil echinoderms may have had them. For now, consider 
pharyngeal slits as one of the characteristic features of chordates. Terrestrial chordates lost their gills, but again, if 
you look at human embryos you can see the beginnings of the pharyngeal slits for a little while during 
development. 





Left: Acorn worm; a typical hemichordate Right: Sea star, a highly recognizable echinoderm (Fromia monilis) 


The fourth unique feature of chordates is the endostyle. The endostyle is a long groove on the bottom side of 
the pharynx found in sea squirts and some larval vertebrates, such as the lamprey. The endostyle is lined with tiny 
hair-like structures called cilia. These spread a mucus coating that is secreted by cells, which traps food particles. 
Recent evidence suggests that the endostyle is homologous with our thyroid gland. Since this gland regulates our 
metabolism, we owe a lot to the humble endostyle! 


Our final unique feature for chordates is one that might not seem all that special, but is found only in this group. 
In many animals, the digestive system ends at the anus, and the anus is located at the very end of the body. In an 
earthworm, for example, the mouth is located at one end and the anus is located at the very tip of the body at the 
other end. Chordates have a post-anal tail, meaning that the muscles and skeleton of our bodies continue beyond 
the end of our digestive tract. Humans do not have tails when born, but we do have tails as embryos. 


Tunicates, cephalochordates, and humans took very different evolutionary pathways and have very different 
lifestyles, but we still have some features in common during our early embryonic development, and those shared 
features show our shared evolutionary history as chordate animals. 


1.4 Early Life On Earth 


It was more than half a billion years ago when the cephalochordates, tunicates, and vertebrates parted ways 
from their last common ancestor. For context, let us review some highlights from the history of life prior to the 
origin of vertebrates. 


The first evidence of life we have in the fossil record is that of single-celled organisms from about 3.8 billion 
years ago. Microscopic, single-celled organisms dominated the fossil record up until about 640 million years ago, 
when we find the oldest fossil remnants of complex, multicellular organisms. Life was mostly made up of microbial 
mats during that 3,000,000,000 y! To put that into perspective: imagine all of Earth’s 4,500,000,000 y history was 
laid out on a 12-hour clock. One second would represent just over 104,000 y. Within the 12 hours from noon to 
midnight, animals do not show up until after 10 pm, and all of animal life and evolution takes place during less than 
2 h of Earth’s history! 
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The early biotas (collections of organisms) with multicellular organisms are made up of soft-bodied organisms, 
and we still are not sure exactly what they all were. The earliest of these biotas first appeared about 600 million 
years ago, and their fossils are best known from localities like Mistaken Point in Newfoundland and the 
Ediacara Hills in Australia. Although they were the earliest animals, most of them do not fit into any of the groups 
that we have today. Some of them may also have been fungi, lichens, or even microbial colonies. Some strange 
organisms, like the tube-dwelling C/oudina, were the first organisms to produce calcium carbonate shells. At least 
some of the multicellular organisms, like Kimbere//a, were probably bilateral animals, meaning that they had only 
one plane of symmetry. This is different from animals with radial symmetry, like sea stars or jellyfish, which have 
several planes of symmetry around a central point, like a wheel. 





Reconstruction of Aimberella 


Chordates, including the earliest vertebrate relatives, appear a bit later in the Cambrian Period (about 
541,000,000 — 485,000,000 y ago). They show up during and after an event known as the ‘Cambrian Explosion’. 
This describes the apparently sudden appearance, after billions of years of microbial mats, of almost all of the 
modern major groups of animals in the fossil record. The Burgess Shale and other early biotas indicate that 
complex, multicellular life had begun to diversify in the Precambrian, but in the Cambrian, it really took off. This is 
probably due to a combination of factors such as an increase in the level of O in Earth’s oceans and atmosphere 
that gave fuel to active, energy-hungry, multicellular life. Rising sea levels due to the breakup of the supercontinent 
provided new, fertile, shallow-water environments. Around this time, animals also evolved hard parts. These hard 
parts allowed filter-feeding animals to stretch up from the sea floor towards the light. The hard parts also imply 
that protection from predators was required. Bore holes in the calcium carbonate skeletons of C/oudina; provide 
some of the first indications of competition between predators and prey. 


The famous Canadian fossil locality called the Burgess Shale, in British Columbia, beautifully documents the 
Cambrian Explosion. The Burgess Shale and nearby localities were deposited more than 500,000,000 y ago, right 
after the Cambrian Explosion, at the base of a cliff formed by an algal reef. The hard, durable limestone cliff of the 
reef probably protected the shale beds from being compressed and destroyed when the whole unit was thrust up 
during the formation of the Rocky Mountains. 


The Burgess Shale animals lived on, or swam above, the sediments at the base of this cliff drop--off, in still 
water. Flows of fine mud, full of clay minerals, periodically buried the community at the base of the cliff. These clay 
minerals probably played a part in reducing the flow of O through the sediments, making them anoxic (O-free), and 
allowing some organisms to be preserved. See the diorama reconstruction of the Burgess Shale at The Royal Tyrrell 
Museum. 


Some of the more delicate tissues, like muscles, decayed, while tissues those are more resilient like the cuticle 
remained intact. Over time, the remains were subjected to pressure from more and more additional sediments. The 
results are flattened impressions of the organisms, with dark-colored films made mostly of C, clay, or Fe-rich 
minerals, tracing the outlines of the soft tissues. These films allow us to see the outlines of whole animals without 
any hard parts, including those that form the stem of our ancestral line. If you have not done so, you should visit 
the Burgess Shale website operated by the Royal Ontario Museum to marvel at the spectacular diversity of 
Cambrian life forms. 


Although many of the animals from the Burgess Shale display bizarre forms, they represent early branches from 
the stems of well-known, modern animal groups. For example, Ha//ucigenia is a worm with a row of paired spines 
and appendages that is related to living ‘velvet worms’. ‘Odontogriphus' is a creature reminiscent of a sandal and is 
probably an early mollusk. One of the earliest chordates is also found at the Burgess Shale: ‘kava.’ 
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Left: Reconstruction of Ha//ucigenia from the Burgess Shale Right: Pika/a reconstruction 


1.4.1 The Earliest Vertebrates 


Although the Burgess Shale has yielded remarkably well-preserved fossils for over a century now, scientists are 
still discovering new species from this locality, including a recent find called, Metaspriggina. Metaspriggina was 
originally Known from only two partial specimens that appeared similar to Soriggina, an Australian Ediacaran form 
that may be related to anything between annelid worms and arthropods. In 2014, a paper on Metaspriggina was 
published in the leading scientific journal ature, reporting dozens of beautifully preserved new specimens. The 
specimens clearly show the presence of a notochord and myomeres, but more importantly, the fossils also seemed 
to preserve a brain, paired eyes, cartilages, and fish-like gills, leading to a new reconstruction of this ancient 
animal. It remains to be seen exactly what position on the phylogenetic tree Metaspriggina occupies, but these 
features suggest it might be one of the earliest fossil vertebrates. 





Reconstruction of Metaspriggina 


Although we have focused our attention on the Burgess Shale and its putative chordates and vertebrates, 
another Cambrian locality important to our understanding of vertebrate evolution is the ‘Chengjiang Biota’ in 
Southern China. Slightly older than the Burgess Shale, the Chengjiang Biota documents a marine fauna from right 
after the Cambrian Explosion. It has produced numerous fossils that rival the Burgess Shale in diversity and state of 
preservation. Amongst this plethora of Cambrian fossils, several chordate or vertebrate-like animals stand out, 
including Cathaymyrus, Haikouella, Haikouichthys, Myllokunmingia, and Yunnanozoon. 


Cathaymyrus is the Chengjiang counterpart of Pika/a, but Ha/ikouella and Yunnanozoon are enigmas. They both 
look very similar to each other and have a head, pharyngeal slits, and myomeres. However, they lack clear 
evidence of other chordate features. Some researchers claim that some fossils of Ha/kouel//a preserve a brain, eyes, 
and an endostyle. If this is true, then Haikouella and Yunnanozoon may fall somewhere between tunicates and 
vertebrates, perhaps on the stem of the vertebrate branch. Nevertheless, many others disagree with this 
assessment; they argue that the claimed chordate features are either artifacts of preservation or even the product 
of overactive imaginations. They view the animals as either closely related to hemichordates (acorn worms) or on 
the stem of a much larger group called Deuterostomia, which includes chordates, hemichordates, and echinoderms 
(sea urchins, sea stars, sea Cucumbers, and sea lilies). 
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On the other hand, there is little doubt about the chordate affinity of Ha/kouichthys and Myllokunmingia. Most 
paleontologists consider them as stem vertebrates; that is, extinct lineages closer to living vertebrates than to living 
tunicates. Like Metaspriggina, Haikouichthys has a pair of eyes, cartilages, and gills, in addition to the classic 
chordate features such as a notochord, pharyngeal slits, a post-anal tail, and myomeres. Some of the specimens 
preserve a single, mid-ventral structure that appears to be a heart and a series of cartilage-like elements along the 
notochord, which may represent vertebrae. Not all of these features are present in the known fossils of 
Myllokunmingra, but the overall similarity with Ha/kouichthys suggests that these two animals belong to the same 
group, likely with Metaspriggina. This means that stem vertebrate animals already existed across the world in the 
aftermath of the Cambrian Explosion. 





Haikoutchthys reconstruction 


1.5 Vertebrate Synapomorphies 


This is a good place to take a closer look at characters uniquely shared by vertebrates. We have already had 
glimpses of vertebrate characters present in the Cambrian stem vertebrates. 


However, what exactly is it that separates vertebrates from other chordates? 


Vertebrates have a distinct head and brain at the anterior end of the body, which extends out past the end of 
the notochord. In primitive chordates, both the nerve cord and notochord extend all the way to the very front end 
of the animal, but in vertebrates, the nerve cord expands at the front end, and reaches further forward than the 
notochord. Your brain is an expansion of this anterior end of the dorsal hollow nerve cord found in all chordates. 
Part of this expanded nervous tissue is associated with sense organs such as your eyes, nose and sound 
receptors. In order to house this expanded bulge of neural tissue, the anterior end of vertebrate bodies became 
enlarged into a distinct cranium. 


The brain and nerve cord in vertebrates are fragile and could be easily damaged, but they are protected by new 
kinds of tissue: bone and cartilage. Cartilage can be found in your nose, ears, windpipe, and joints; sometimes it is 
flexible, and other times it is quite stiff. Bone is a mineralized tissue that is made of the mineral calcium 
hydroxyapatite and Collagen. Calcium hydroxyapatite provides compressive strength, and Collagen gives tensile 
strength, meaning bone can withstand both pushing and pulling forces. Your bones form the rigid support that your 
muscles pull against, allowing them to move parts of the body. 


You might think that all of your bones formed in the same way, but there are actually different classes of bones 
that develop in different parts of the body. Most bones start out as cartilage in the embryo, before this cartilage 
gets replaced by bone during growth. This process is known as ossification and these bones are called 
endochondral bones. These include the bones in your arms and legs, your pelvis, your vertebrae, and some parts 
of your skull. Another mode of bone formation is intramembranous ossification, which is when bone forms 
without the need for a cartilage scaffold. Some of these intramembranous bones are called dermal bones, because 
they are formed by deposition of bone cells in the skin layer called the dermis. Your flat skull bones and many of 
the bones of your face, your clavicle, the spikes, and plates of Stegosaurus, the armadillo's shell, and shark scales 
are all examples of inttramembranous, dermal bones. Many early vertebrates had extensive dermal armor covering 
their entire bodies. 
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Endochondral bone 


In the fossil record we can see the evolution of bone from non-ossified chordates to ossified vertebrates, and so 
we tend to think of bone as one of the defining characteristics of vertebrates. However, it might be more accurate 
to think of the defining characteristic of vertebrates in terms of the developmental cells and processes that forms 
bone, as well as many other features of the vertebrate body. 


As embryos, vertebrates have a unique set of cells called neural crest cells. When you were an embryo, neural 
crest cells first formed along the edges of your dorsal hollow nerve cord, but then they migrated around your 
embryonic body and changed into new kinds of cells. The neural crest cells in the anterior part of your body 
contributed to the cartilage and bone of your skull, as well as the cells in your sensory nerves, and they are 
associated with your sensory organs (eyes, ears etc.). 


Dorsally, along your back, some neural crest cells changed into the pigment cells in your skin, and became 
incorporated into your nervous system. The neural crest cells also helped form many of the hormone-producing 
organs in your body. Neural crest cells are probably the single most important evolutionary innovation that 
differentiates vertebrates from chordates and other non-vertebrate animals. 
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1.6 Geology 101 For The Study Of Early Vertebrate Evolution 


Now that we are more familiar with what makes a vertebrate a vertebrate, let us talk about what kinds of 
environments and rocks the earliest vertebrates are known from. Paleontology is a combination of many scientific 
disciplines, but in particular, it is a combination of biology and geology. In order to understand how and why certain 
features evolved, we need to be able to interpret the rocks in which fossils are found, and determine the 
environments in which the animals lived. You may be familiar with some of the depositional environments we find 
on land, but are probably less acquainted with those found in oceans. Life began in the sea, so for this course we 
need to understand the different habitats and depositional environments that are found in the ocean. 


There are two main areas of focus that geologists and paleontologists use to figure out what kind of 
environment certain rocks were deposited in; what the rock is made of, and what kind of structures are preserved 
from when the rock was deposited, called sedimentary structures. Many sedimentary rocks are made up of 
broken, worn down pieces of older rocks. These pieces are called clasts, and the rocks they comprise are called 
clastic rocks. Clastic rocks that consist mostly of worn-down bedrock, like sandstones, mudstones, and 
conglomerates, are called terrigenous, meaning they are derived from rocks on land (terra: earth). 


In this course, we will also be looking at fossils in carbonate rocks. Carbonates are any rocks that are made up 
of at least 50 % Calcium carbonate. Most carbonate rock is limestone, and most limestone is made up of the shells 
of marine animals like mollusks. Let us explore some depositional environments and what kinds of rock and 
sedimentary structures we find in them by taking a look at some key fossil localities we will be looking at 
throughout in the course. 


1.6.1 Terrestrial Depositional Environments 


Since we live on land, we are generally more familiar with terrestrial depositional environments, so we will start 
with a brief review of rivers. Generally, rivers are most energetic near their sources in highlands, where the water 
flows in a steeper gradient. They wear down the sediments they travel over and transport them for as long as they 
have the energy to do so. Most rivers transport and deposit sand and mud, while some with stronger currents may 
also move gravel. Lens-shaped sand or gravel channel deposits are good indicators of a fluvial, or river, 
environment. As rivers travel over land that becomes gradually flatter, they lose energy and change from straight, 
fast, deep channels to meandering rivers with slower, wider channels. With less energy, they can transport less 
material, and they deposit more of the sediment they were carrying. 


If we follow a river all the way to its end, we often end up at an ocean or sea, or maybe a very large lake. For 
this course, we will mostly be focusing on marine environments, so for now we will look at rivers that empty into 
salt water. 





River depositional environment of terrigenous rocks 


The area where a river empties into the sea may be a delta or an estuary, both of which will show a mix 
between marine and continental sediments and fossils. It is not uncommon, for instance, to find layers of carbonate 
sediments and marine shelly fossils, like clams, associated with layers of terrigenous, clastic sediments containing 
plant roots. The water here is brackish, meaning that it is saltier than fresh water, but not as salty as ocean water. 
Some types of animals and plants are adapted to live in this type of water; therefore, finding them is also a good 
indicator of a deltaic or estuarine environment. 
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Delta system 


A delta is a sedimentary body that builds outward over time at the mouth of a river. If you take a vertical slice 
through a section of the sediments in a delta, you will see a transition from finer, carbonate marine sediments at 
the bottom, to gradually coarser, clastic continental or fluvial sediments at the top. This is called a 
coarsening-upward succession, since the continental sediments are generally coarser than the marine muds and 
silts. The most famous modern delta is probably the Nile River delta, where it empties into the Mediterranean Sea. 


An estuary, on the other hand, forms when a river meets the ocean but there is no outward building-up of 
sediments. There is a mixture of river and ocean water, and the sediments are still influenced by interactions 
between river, tide, and waves, but are mostly dominated by the tide. They often build up within drowned river 
channels, filling in a scoured-out channel at the river mouth, and do not extend outward into the sea. The overall 
rise in sea level since the last ice age created a lot of drowned river mouths, so many major rivers end in estuaries 
today. The ‘Gulf of Saint Lawrence,’ in Eastern Canada, is an example of one of the largest estuaries in the world. 


Later on in the course, we will look at a famous fossil locality called Miguasha, where we find some of the 
best-preserved Devonian fish fossils in the world. Miguasha shows both terrestrial and marine features, and has 
been interpreted as a lake, a lagoon, or an inland sea. A research that is more recent suggests Miguasha represents 
an ancient estuary, based on a mix of terrigenous clastic sediments, marine signals in the chemical components of 
the rocks, and the presence of marine animals. Miguasha is famous for both the preservational quality and diversity 
of its fish fossils. This is typical of estuaries; with regular inflows of both seawater and freshwater bringing in 
nutrients, estuaries are some of the most productive natural habitats in the world. 


Depositional environments at the meeting of sea and land, like estuaries, are heavily influenced by the actions of 
the tides. Tides occur because the gravity of the moon orbiting the earth pulls the ocean's water into a bulge. The 
result of this gravitational force is that the ocean's water is ‘pushed’ further onto land at times, and then sloshes 
away again. The rhythmic movement of the rising and falling tides creates a tidal current. This current produces 
some characteristic sedimentary structures that make it easier for geologists and paleontologists to identify ancient 
coastal environments in the rock record. 


1.6.2 Clues Of A Coastal Environment 


Sand is deposited in one direction when the tide rises and in the opposite direction when it falls. When we look 
at rocks deposited in a tidal environment like an estuary or a delta, they typically have a pattern of alternating, 
inclined parallel layers. These horizontal beds are called cross-beds, and the inclined layers within them are 
cross-strata. Together, this type of sedimentary structure is called cross stratification. Looking at the inclined 
layers, a geologist can tell not only that the sediments were deposited in flowing water, but also the direction of the 
paleocurrent, i.e., which way the water was flowing. Furthermore, herringbone cross-stratification tells us 
the water flow was alternating regularly between two different directions, in an environment where the sediment 
was being deposited fast enough to preserve the cross stratification, like an estuary or delta. 





Cross bedding in ‘Zion National Park’ 
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Storms and waves on the surface can also result in sedimentary structures, since they move the water below 
the surface. When wind blows across the surface of a body of water like a lake, it moves the water particles in 
vertical circles. We call the depth to which surface waves affect a body of water wave base. This depth varies 
from place to place, depending on what the weather in the area is like. Under normal weather conditions, the wave 
base is usually 5-15 m deep; we call this fair weather wave base. Storm wave base, on the other hand, 
refers to the greater depth reached by higher energy waves caused by strong surface winds. This is typically 20 — 
30 m deep, but can be as deep as > 200 m where storms are very strong. This is useful, because we can look at 
the ripple marks created by waves as one indicator of how deep the water was when the sediments were 


deposited (wave ripples are usually pretty symmetrical, whereas current ripples are usually angled in the direction 
of the current). 





Creation of wave ripples in a lake environment 


If rock layers have a lot of wave ripples, they were probably deposited in shallow water, above fair weather 
wave base. If the layers are very fine and lack ripples, they were probably deposited below storm wave base, 
where the water was still enough for fine sediments to be deposited in flat, undisturbed layers. Below storm wave 
base, the seabed is not affected by even the strongest of storms. This means we cannot do much more than to say 
the water was deep; however, ‘deep’ could mean anything from 200 - 300 m to more than 3000 m. Many fossil 
localities were deposited below storm wave base and have thin beds of fine sediments, usually shales. 
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Ripple marks in Permian rocks 


Some coastal environments lack strong tidal currents. Without the influence of these strong currents dominating 
the sedimentary environment, waves can play more of a role in depositing and reshaping sediments. As waves 
reach a beach, different parts of the wave hit the beach at different times, slowing some parts of the wave down 
sooner than others. As a result, the waves tend to bend and run more-or-less parallel to the coastline. The waves 
reach the beach at an angle, and ‘break’, releasing energy. These bursts of energy generate a current that runs 
parallel to the beach, called a longshore current. On coastlines where wave energy is high, these longshore 
currents are strong and can carry and deposit a lot of sediment, resulting in barrier islands and spits. These 


ridges of sediment run parallel to the coastline, and behind them are areas of quiet, low-energy water, called 
lagoons. 
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Lagoon depositional environment 


Lagoons are permanent bodies of water that are connected to the ocean, but because that connection is limited 
by barrier islands, they are not greatly affected by currents or tides. The wave energy is mostly broken by the 
barrier islands, and lagoonal water is relatively still. Lagoonal deposits are typically made of muds, silts, and clays. 
The particles that make up these deposits will depend on the type of barrier islands or reefs that shield them from 
the sea. Lagoons behind clastic--dominated barrier islands will be characterized by clastic muds, and lagoons 
behind carbonate reefs or carbonate barrier islands, by carbonate-rich or ‘lime’ muds. If lagoons are very shallow, 
enough water may evaporate so that the remaining water has a high concentration of dissolved minerals. This 
means shallow lagoons can become much saltier than ocean water. If the water in the lagoon continues to 
evaporate, these minerals will precipitate out of solution, forming a type of non-clastic sedimentary rock called an 
evaporite. Common evaporite minerals are calcite (Calcium carbonate), gypsum and anhydrite (Calcium sulfate), 
and halite (Sodium chloride), commonly known as salt. These can be interbedded with muds as the water level in 
the lagoon rises and falls as new seawater flows in periodically. If we find layers of these minerals, we are probably 
looking at what used to be a shallow lagoon. 


One effect of lagoons being very still, or becoming very salty, is that they become inhospitable to most life. Very 
quiet, still water can easily become stagnant and anoxic, meaning there is very little dissolved O in the water. 
Anoxic environments are very good for preserving fossils, because there are very few scavengers or decomposers 
that can live in them. This means if an animal dies and its body sinks to the bottom of the lagoon, it will remain 
relatively undisturbed and can fossilize. Anoxic environments are often characterized by very fine, dark-colored, or 
black mud. The black coloring indicates the presence of organic material, and a large quantity of organic material in 
the rock suggests that nothing was eating it. The small grain size of these muds and clays tells us that the water 
was still, allowing these particles to slowly settle out. These extremely fine sediments are also excellent for 
preserving fine detail. Think about making a footprint in different kinds of sediment. Fine, wet mud is the best for 
preserving the fine details, whereas coarser sands and gravels will not preserve detail as easily. This combination of 
still water, very fine sediments, and an anoxic environment means that some of the most exquisitely preserved 
fossils ever found, like the famous Archaeopteryx, have come from lagoons or lagoon-like environments. 





Berlin specimen of Archaeopteryx 
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1.6.3 Drifting Out To Sea 


If we move a bit further away from the shore, we find ourselves in progressively deeper continental shelf 
environments. Another important fossil locality, Known as ‘Man On The Hill,’ or MOTH, probably represents a 
deep spot, or a ‘low’, within a continental shelf. Rocks from MOTH are a mix of finely laminated carbonates and 
clays, meaning it was close enough to land for fine clastic sediments to be deposited, but far enough offshore that 
most of the sedimentation was carbonate. Generally, the farther from shore we go, the finer the clastic sediments 
become as there is less sedimentary input from land. As the water gets deeper, there is also less influence by wave 
action, and ripples become less common. Man On The Hill was probably deposited below storm wave base, as there 
are very few ripples or sedimentary structures, and no indication of a tidal current. In addition, ‘Man On The Hill’ 
was probably anoxic, which, along with the deep and still water levels, helped to preserve the remains of the 
animals. 


Relatively shallow continental shelf environments like these are where we commonly find areas of carbonate 
deposition, forming carbonate platforms. Marine fossils, especially of invertebrates, are very common here, 
where the water is shallow enough for photosynthesis supporting light to shine through. This range of water depth 
is called the photic zone, and it can be anywhere from a few cm to 200 m deep, depending on the clarity of the 
water. Photosynthetic plants and algae, and the microscopic organisms that feed on them, flourish in the photic 
zone. These organisms are collectively called plankton, meaning that they float. They form the base of the marine 
food chain. Many of these organisms have calcareous skeletons of some kind, and these form carbonate sediments 
when they die. Most marine animals live in these relatively shallow waters, especially bottom-dwelling vertebrates 
adapted for life on the sea floor. ‘Man On The Hill’ was home to many of these bottom-dwelling vertebrates, as well 
as some open water fishes whose bodies sank to the sea floor when they died. 


Bottom-dwelling vertebrates often look very distinctive. Because they spend a lot of time on the bottom of the 
ocean, their eyes are usually on top of their heads, watching for predators. Many of them find food in the mud, so 
their mouths are usually on the underside of their bodies, and the underside of their bodies is flattened. Osteostraci 
and Orectolobidae both have flattened bodies, eyes that point up, and mouths that point down, because they are 
both bottom dwellers. 





Left: Reconstruction of Osteostraci Superciliapis Right: Orectolobidae shark example 


It is in these shallow carbonate platform environments that we also find reefs, which are made up of 
filter-feeding animals, called corals, which feed on the microscopic plankton. The types of corals that build reefs 
thrive in high-energy environments with very nutrient-rich water, and they form barrier ridges parallel to the 
coastline. Reefs may protect lagoons on their landward side, while on their seaward side, they form steeper slopes 
leading down into quieter water. The steeper the slope, the less stable the slope, so these are prone to underwater 
mudslides and slumps. The type of coral we find can let us know where in the reef it was from: sturdier forms are 
generally found at the shallowest part of the reef where the energy of the water is high, and more delicate, 
branching forms are found progressively deeper on the seaward side. Plate corals, which are able to make the most 
use of the least light, are found at the deepest part of the reef. Reefs also provide homes for many other animals, 
and most of these are specially adapted for life in shallow water. The Gogo Formation in Western Australia is 
another famous fossil locality, and it represents a Late Devonian reef environment. Gogo is famous for its 
3D-fishes, preserved in concretions of Calcium carbonate. 
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Left: Reef system Right: Continental shelf 





Deep Ocean 


As we move farther away from shore, into progressively deeper marine sediments, our chances of finding 
vertebrate fossils becomes relatively small. We recognize deep water sediments almost as much by their lack of 
Shallow water structures as by uniquely deep water ones. The slope between the continental shelf and the deep 
ocean floor is steep and unstable, and most of the sediment becomes disturbed and redistributed by slumps and 
underwater landslides or debris flows. Turbidites are deposits that can form in many environments, but are 
particularly known from deep water. These are deposited by turbidity currents: mixtures of sediment and water 
that are less dense than debris flows, but denser than the surrounding water. Gravity causes the current to start to 
move down a slope, but the difference in density is enough to continue movement of the current over a long 
distance on a horizontal surface. This continues until the current deposits enough sediment to eliminate the density 
difference with the surrounding water. Turbidite deposits are characterized by a specific pattern of textures and 
sedimentary structures called the Bouma sequence, named for its discoverer, Arnold Bouma. The Bouma 
sequence is a fining-upward succession of sediments that are deposited as the flow loses energy. Finding all or 
parts of this pattern in marine rocks is a good indicator of an underwater slope environment. Fossils from the 
Burgess Shale, probably the most famous Cambrian fossil locality, were likely deposited by turbidity currents. 
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Turbidite sequence in ‘County Clare’, Ireland 


Paleontology - Early Vertebrate Evolution 


Deeper still, on the ocean floor, we do not find very many vertebrates. The sediments here are mostly made up 
of the skeletons of plankton. These animals spend their lives floating in the water column, and after death their 
skeletons slowly sink to form muds and oozes on the sea floor. Up until a certain depth, these muds are mostly 
calcareous, and the rock they form is a pelagic limestone. Pelagic refers to sediments that, at some point, floated 
in the water before settling at the bottom. The solubility of calcium carbonate increases with pressure, so below a 
certain depth, calcium dissolves in seawater. This depth is called the Calcite Compensation Depth (CCD), and it 
depends on the temperature, pressure, and chemical makeup of the water. Right now, the CCD is about 4000 — 
5000 m below sea level. The sediments deposited below this depth are made up entirely of the remains of 
microscopic, planktonic animals with skeletons comprised of silica, the same element that forms quartz (SiO2). The 
siliceous ooze formed by their skeletons becomes finely laminated chert, and this kind of rock indicates that the 
depositional environment was an deep marine one. Fossils from deep marine deposits (other than these planktonic 
invertebrates) are extremely rare. 


Most of the seafloor throughout Earth’s history has been melted and recycled into new crust, taking its fossils 
with it. The oldest ocean crust today is around 150,000,000 y old. This seafloor recycling means that ocean basin 
deposits make up only a small fraction of the fossil record we have today. Oceanic crust is denser than continental 
crust, so when an oceanic plate meets a continental plate, the oceanic plate sinks. The oceanic crust is subducted 
beneath the continental plate, where it melts, destroying the fossils that were part of it. The continental crust is 
therefore much older than the oceanic crust, and holds more fossils. 


Despite this recycling, we do have marine fossils from the Paleozoic. There are two main reasons for this: First, 
most marine fossils come from continental shelf deposits, which are deposited on continental crust. Secondly, when 
an oceanic plate subducts beneath a continental plate, there are two possible ways some of it may be preserved. In 
the first case, the pile of sediments on the oceanic crust is partially or completely scraped off the sinking plate, and 
becomes attached to the leading edge of the overriding plate. This wedge of sediment is then called an 
accretionary prism. In extraordinary cases, like the Franciscan Assemblage of California, these deep ocean 
sediments can contain the remains of free--swimming animals like cephalopods (octopus, squids and their 
relatives), and the bones and teeth of fish, reptiles, and even mammals that sank to the sediment after the animals 
died. In the second scenario, oceanic crust is obducted, or pushed up on top of, continental crust at a convergent 
plate boundary. In this case, not only the overlying sediment but the oceanic crust itself is preserved as an 
ophiolite. Both of these scenarios are extremely rare, but we can still learn from them. In fact, we can learn an 
amazing amount from rare areas of preservation. 


1.7. Exceptional Preservation - Lagerstatten 


Imagine that we are looking through a viewfinder into the ancient world. In general, the further back we go in 
time, the blurrier and smaller the window of the viewfinder becomes. We can look at living animals today and 
immediately know all kinds of information about their anatomy — soft and hard tissues — their behavior, their 
habitats, their ecology, and their appearance. We can only get a small fraction of that information by studying fossil 
remains (although new techniques are improving it all the time), and fossils, over time, are lost. Becoming a fossil 
is like winning the lottery. The chance that an organism’s remains will be preserved after death is very small. Even 
after a fossil is formed, it needs to beat the odds again and again to become uncovered and eventually found, 
collected, and studied. Given the vast amount of time between the first appearance of vertebrates in the fossil 
record and today — half a billion years — it is not surprising that examples of well-preserved fossils become 
increasingly scarce the older they are. Localities with exceptional preservation are, in their rarity, even more 
valuable for what they can tell us. We call these areas of exceptional fossil preservation Lagerstatten. 


1.7.1 Konzentrat Lagerstatten 


‘Lagerstatte’ (plural “Lagerstatten’) is a German word that literally translates to ‘storage place’, and describes any 
sedimentary deposit that exhibits extraordinary fossils. There are two main types of Lagerstatten, based on 
whether the fossils are extraordinary because of their quantity, or because of their quality. Konzentrat or 
Concentration Lagerstatten are localities with an extraordinary number of fossils. These are, most commonly, 
deposits with a high concentration of disarticulated, fossilized hard parts, which are swept together over time. 
These can be areas where sedimentation occurred very slowly, allowing bone and other hard parts to settle and be 
gradually buried; places where flowing water sorted hard parts together, like a river or beach deposit; or places 
that animals could fall into and remain trapped, like caves or pitfalls. The fossils in Konzentrat Lagerstatten tend to 
be deposited over long periods. This means the preservation quality is generally not spectacular, and it means that 
we cannot assume the animals all died at the same time. Bone beds and mass death layers, where we find remains 
from multiple individuals that probably all died together, are exceptions. 


2 79:< 


Paleontology - Early Vertebrate Evolution 





Assemblage of bones from Ceratopsia bone bed (Dinosaur Provincial Park) 


1.7.2 Konservat Lagerstatten 


The other type of Lagerstatte, Konservat or Conservation-Lagerstatten, are localities with exquisitely 
preserved fossils. These are rare windows into the past, where extraordinary circumstances have preserved soft 
tissues, or features that would not survive ‘normal’ fossilization conditions. There are many different types of 
Konservat Lagerstatten that fall into three main categories: conservation deposits, stagnation deposits, and 
obrution deposits. Conservation deposits include phenomena like mummification, the deep-freezing of ice age 
mammals in permafrost, or preservation in amber (made famous in a certain blockbuster movie franchise). In this 
course, we will focus on stagnation and obrution deposits. Stagnation deposits occur when anoxic conditions 
contribute to low rates of decay. Fine sediment gradually buries and preserves undisturbed animal remains under 
these conditions, as probably happened at ‘Man On The Hill.” Obrution deposits are those where organisms are 
buried in sediment so rapidly that there is no chance for them to decay. These are usually from steep slopes and 
are caused by turbidity currents from storm events, as in the Burgess Shale. Both stagnation and obrution deposits 
can produce impressions, natural moulds and casts, and mineralized films that represent the original carbon-based 
soft tissues of the animals. 





Left: Anomalocaris fossil from ‘Burges Shale’. Right: Athenaegis chattertoni from ‘MOTH’ 


These two types of Lagerstatten are not mutually exclusive. Konservat Lagerstatten may also yield large 
numbers of fossils, so they may also be Konzentrat Lagerstatten. Likewise, many Konservat Lagerstatten can form 
through a combination of stagnation and obrution. 
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1.8 Conclusions 


At this point, we have covered the features that define chordates (notochord, dorsal hollow nerve cord, 
pharyngeal slits, endostyle, post-anal tail), vertebrates (neural crest cells, cephalization, cartilage / bone, and 
vertebrae) and briefly touched on a few of our earliest chordate and vertebrate ancestors. We have also given you 
a crash course on recognizing the environment of some marine animals from the rocks in which we find them. The 
most valuable of these for paleontologists are the environments that lead to Konservat-Lagerstatten. It is only 
through specific Konservat-Lagerstatten that we know anything about the earliest animals and the earliest 
vertebrates, because these were almost all soft-bodied animals with no hard parts. These localities are snapshots of 
life throughout Earth’s history, affording us a brief glimpse into the habitat and diversity of life at specific points in 
time. The fossil localities we have mentioned already are examples of these snapshots. We will revisit them 
throughout this course, as we follow the evolution of our early vertebrate relatives and recreate the vast diversity of 
early vertebrate life throughout most of the Paleozoic. Like the early Cambrian fossils that we introduced in this first 
lesson, this is only the beginning of your journey into vertebrate life. 
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2 Learning To Swim 
2.1 Revolutions, Cows And Lobsters 


Paris in the late 18" and early 19" centuries was the setting for two different revolutions, political and scientific. 
While politicians took turns seizing power, scientists took to the academy to debate the nature of all things physical, 
chemical, and biological. The most controversial question in the academy at the time was: how to compare and 
classify different forms of living things - for example: 


How would you compare a lobster with a cow? 


A question like this may seem silly, but it framed a fundamental question about the concept of homology as we 
learned it. 


The champions of the debate were two great anatomists: Georges Cuvier and Etienne Geoffroy St. Hillaire. 
Cuvier argued that function determines ‘sameness’. In lobsters, the crawling legs would then correspond to the 
walking limbs of a cow; the eyes to the eyes, a.s.o. Geoffroy St. Hillaire countered that there must be a ‘unity of 
form’ to allow comparison. Lobsters have a nerve cord and main artery on the ventral side of the body, whereas 
vertebrate animals like cows have the nerve cord and main artery on the dorsal side. To compare lobsters with 
vertebrates like cows, Geoffroy St. Hillaire turned the lobster upside down. He argued this ‘unity of form’ must be 
demonstrated before comparing individual structures that match. Both Cuvier’s and Geoffroy St. Hillaire’s 
interpretations are at least partially correct, and we still abide by both principles to analyze the anatomy of 
vertebrates. You will see in this lesson how vertebrate anatomy is analyzed, function to function, and form to form. 
We will begin with the anatomy of fish and proceed to the bewildering diversity of extinct jawless vertebrates. 


2.2 Vertebrate Anatomy 
2.2.1 Fish: What Is In The Name? 


All ‘early’ vertebrates that we talk about in this course essentially are fishes. Fish is a term we will use a lot in 
this course, and we use it in our day-to-day lives, but it is not useful taxonomically. We generally use ‘fish’ to 
describe ectothermic, aquatic vertebrates that have gill openings and lack limbs with digits. Because this group 
excludes some of its descendants, the tetrapods, it is a paraphyletic assemblage, or grade, and not a clade. 
Fish is still a useful descriptive term for the grade of vertebrates excluding tetrapods on the phylogenetic tree, 
though, therefore, we will still use it that way in this course. AS a minor grammatical note, the plural of fish can be 
fish or fishes. Fishes is usually used when you are talking about more than one kind of fish. For example, a bucket 
of trout could be described as ‘some fish’, but a bucket with some trout, some perch, some bass, and some pike 
would be described as ‘some fishes’. 





A paraphyletic ‘grade’ (green) in between two monophyletic clades (red and blue) in a hypothetical phylogenetic tree. 


Although not a clade, ‘fish’ (or ‘fishes’, when describing multiple species) remains a useful descriptive term for 
non-tetrapod vertebrates. In this lesson, we will start by examining the shared body plan of fishes, which are both 
a product of their shared evolutionary history and a result of the constraints of an aquatic environment. 


22:2 Fish Anatomy 


Like all vertebrates, fishes are bilaterally symmetrical and have a well-developed head with sensory organs. With 
some exceptions, fishes respire using gills, are mostly covered with bony scales, and propel themselves using 
fins. There are two main types of fins: median fins and paired fins. The median fins include the caudal fin, or tail 
fin, dorsal fin, and anal fin. There may be more than one dorsal and one anal fin in some fishes. The paired fins 
include the pectoral fins and the pelvic fins. These are connected to and supported by pectoral and pelvic 
girdles. In the same way, our arms and legs are connected to and supported by pectoral and pelvic girdles 
(shoulder and hip). This arrangement is something that we inherited from the ancestors we share with fishes; they 
are homologous structures. 
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General fish anatomy 





Reconstruction of Ha/kouichthys 


We could consider Ha/kouichthys, the Cambrian vertebrate, to be one of the first fishes, but it does not look 
much like the fishes with we are familiar. For one thing, it had no bony scales. You can see that it had rudimentary, 
median fin-like structures, but nothing as recognizable as a caudal fin or any paired fins. Ha/kourchthys would have 
swum by flexing its myomeres against its notochord, but it was probably not a very strong or fast swimmer. The 
first major step in vertebrate evolution would change that: the evolution of vertebrate bone. Bone initially made 
effective armor, but it would also eventually allow for the evolution of swimming adaptations, like more powerful 
fins and tails. To explore these adaptations, we are going to travel along the vertebrate phylogenetic tree. In this 
lesson, we will explore some of the earliest vertebrates: those without jaws. 
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Not all vertebrates have bones, nor are all hard skeletal parts made of bone. Hagfishes and lampreys lack a 
hard, mineralized endoskeleton. Chondrichthyes (sharks, skates, rays, and ratfish’s) also lack a bony endoskeleton; 
their endoskeleton is made of calcified cartilage. There are four major types of mineralized skeletal parts in 
vertebrates: calcified cartilages, bones, dentine, and enamel. Calcified cartilage is cartilage with a mineralized 
(calcified) extracellular matrix. In most cartilage, the matrix surrounding the cells is made of Collagen fibers. When 
this matrix becomes calcified, it is no longer elastic, making calcified cartilage stronger and stiffer than 
unmineralized cartilage. 


Bone is the mineralized material you may be with most familiar. During ossification, or bone development, 
specialized cells called osteoblasts lay down Calcium hydroxyapatite in the Collagen matrix. As described, bones 
can be endochondral or intramembranous. Bones are further classified based on internal textures, revealed by thin 
sections. If the bone lacks spaces for the osteoblasts, then it is ‘acellular’ bone. If there is abundant space for the 
cells in the bone, then it is ‘cellular’ bone. The bone may be filled with cavities (spongy bone) or composed of layers 
(lamellar bone). 


Dentine is the material that makes up the bulk of your teeth. It is denser and harder than bone, but softer than 
enamel (the hard, densely mineralized tissue that caps your teeth). Dentine is produced by special cells called 
odontoblasts, and these cells form tiny tubes, or tubules, in the mineralized tissue. Dentine is characterized by 
the presence of these tubules, and different types of dentine have different patterns or arrangements of tubules. 
Enamel is the hardest of all vertebrate skeletal tissues. More than 90% of it is mineral, mostly 
Calcium hydroxyapatite, and it is deposited by cells called ameloblasts. 


2.3 Diversity Of Jawless Vertebrates 


Classically, fishes are classified into two groups: Agnatha and Gnathostomata. ‘Gnath-’ means jaws; 
therefore, vertebrates are either jawed (gnathostomes, meaning ‘jawed mouths’) or jawless (Agnathans, meaning 
‘without jaws’). Agnatha is a grade that refers to all fishes with the exclusion of jawed vertebrates. Because it is a 
grade, we will refer to these fishes as Agnathans, rather than using the formal name Agnatha. Agnathans represent 
a tiny fraction of the diversity of living fishes today, but these are remnants of a once-diverse assemblage. In the 
Paleozoic, Agnathans were much more numerous. 


2.35.1 Cyclostomata 





Left: Hagfish (Reconstruction) Right: Reconstruction of the sea lamprey Petromyzon 


Hagfish and lampreys are the only extant Agnathans. Although lampreys seem to share more characters with 
jawed vertebrates than with hagfish, recent molecular research has provided some evidence that these two living 
forms are actually most closely related to each other. We call two such groups sister taxa, and together these 
sister taxa form a clade called the Cyclostomata (‘round mouths’). They lack many derived characters found in 
later Agnathans and jawed vertebrates, such as bone and paired fins. However, these features may have been lost 
in hagfishes and lampreys, so they should not be considered ‘primitive’ because of this. These are highly specialized 
animals, adapted to very particular ecological niches: hagfish are mainly deep-sea carrion feeders, and many 
lampreys are parasites that feed on other living fishes. Cyclostomes are the sister group to all other living 
vertebrates, but have undergone many changes in their long history that separate them from the last common 
ancestor of jawed and jawless fishes. Unfortunately, because hagfish and lampreys lack bony tissues, few are 
known from the fossil record. 


2.3.2 Conodonta 


Conodonta are a group of fish-like chordates that have an extensive fossil record from the Cambrian Period 
through the Paleozoic Era and into the Triassic Period. They are one of the most common Paleozoic microfossils, 
yet also one of the most enigmatic. Their small, comb-like mineralized structures were first discovered by Heinz 
Christian Pander in 1856, long before other groups of Agnathans were formally named. Virtually all conodont fossils 
consist only of the tooth-like structures covered in enamel. 
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When the entire conodont body was finally discovered, it turned out that it had a body form similar to hagfish 
and lampreys. Conodonta were small, eel-like animals with feeding structures covered by an enamel-like 
mineralized tissue. Some paleontologists think that conodonts are close relatives of cyclostomes, whereas others 
place them closer to jawed vertebrates, and others reject the vertebrate status of Conodonta altogether, placing 
them within Chordata but outside Vertebrata. The enamel-like tissue in Conodonta evolved independently from 
other vertebrates, making conodont enamel and tooth enamel in jawed vertebrates an example of convergent 
evolution, or homoplasy. 


2.4 Ostracoderms: Introduction 


Living jawless vertebrates lack many hard parts, so their early evolution remains enigmatic. To learn more about 
how the vertebrate body plan evolved from that of its soft-bodied ancestors, we have to turn to the extinct, 
armored Agnathans: the ‘Ostracoderms.’ ‘Ostracoderm’ is another informal term, meaning ‘shell skins’ that is used 
to describe a large and diverse grade of jawless, armored fishes. Ostracoderms were the dominant vertebrates for 
almost 100,000,000 y. The armor that inspired their name was most likely the key to their success. 


The type of bone found in the earliest fishes was almost entirely dermal. We humans retain very little dermal 
bone, but the earliest vertebrates were quite literally covered in it. Although all vertebrate bony tissues are made 
up of the same materials (Calcium hydroxyapatite and Collagen), we can recognize different tissue types based on 
their textures. The cross section of some early vertebrate bone resembles a layer cake. Each layer has different 
properties. When added together they make for a more flexible, adaptable, and stronger structure than one made 
up entirely of one tissue type. The whole is greater than the sum of its parts. 


In Ostracoderms, the dermal bone itself was covered on its external surface by an ornamented layer of the 
same material that makes up the bulk of your teeth: dentine. It is denser and harder than bone, but softer than 
enamel. Below the dentine layer was a layer of spongy bone. Spongy bone, as the name implies, is filled with 
cavities and looks, in cross-section, like a sponge. The cavities were filled with blood vessels, nerves, or 
bone-producing cells. This is the same type of bone that forms inside limb bones, and it is softer and more flexible 
than dentine. This spongy bone was underlain in turn by a harder, rigid basal layer composed of thin sheets of 
bone tissue without any cell spaces, called lamellar bone. In very early vertebrates, none of the bone enclosed 
any of the bone-producing cells as it does in later vertebrates, including us. Instead, in this acellular bone, the cells 
depositing the bone material recede from the ossification area before they become trapped. 


Bone serves several important functions for vertebrates. It provides a very solid support for the attachment of 
muscles, meaning movement can be very efficient. It acts as a storage place for phosphates and other minerals 
that animals use and excrete as part of their normal metabolism. Perhaps most obviously in our very early 
ancestors, bone provides very effective protection for vulnerable body parts like brains and hearts. 





Left: Map of the Earth in the Ordovician Period Right: Map of the Earth in the Silurian Period 


Fortunately, for paleontologists, vertebrates with hard skeletons also have a much better chance of being 
preserved. Probably partly due to this better preservation and partly due to the increase of an armored animal's 
survival chances, vertebrates became very diverse very quickly after the first appearance of bone in the fossil 
record. There are fragments of bone-like tissues from as early as the Late Cambrian, but the oldest truly 
recognizable vertebrate fossils come from the Middle Ordovician, from North America, South America, and Australia. 
At the time, South America and Australia were part of a supercontinent called Gondwana, while North America, 
part of another supercontinent called Laurentia, was separated from Gondwana by the Paleo-Tethys Ocean. All 
three of our modern continents were partially covered by shallow seas, and the continents themselves were barren 
and rocky. Land plants did not evolve until the Silurian Period. In these shallow equatorial seas, a large, diverse, 
and widespread group of armored, jawless fishes evolved: the Pteraspidomorphi, the first of three groups of 
Ostracoderms we will examine in this lesson. The Pteraspidomorphi are divided into three major groups: the 
Astraspida, the Arandaspida, and the Heterostraci. 
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2.4.1 Astraspida And Arandaspida 


y= 





Typical fusiform body shape 


The Arandaspida and the Astraspida are the oldest pteraspidomorphs, known from the Ordovician Period. All 
three of these taxon names contain ‘aspid,’ which means ‘shield’. This is because these early fishes possessed 
plates of dermal bone at the anterior ends of their bodies, called shields. The Arandaspida are represented by two 
well-represented genera: Sacabambaspis from South America, and Arandaspis from Australia. Arandaspids had 
large, simple dorsal and ventral head shields. Their bodies were fusiform, which means they were shaped sort of 
like a spindle: fat in the middle and tapering at both ends. A fusiform shape results in the least amount of 
resistance from the water that fishes move through. Less resistance means less energy is wasted while swimming, 
which is probably the reason, most fishes retain a fusiform shape. 


Between their dorsal and ventral shields, arandaspida like Sacabambaspis had many small, rectangular or 
diamond-shaped plates in a row, and as many as 20 tiny external gill openings at the boundaries between these 
plates. The branchial openings allowed water to leave the large pharynx. The pharynx strained small food particles 
from the water as it passed through, as well as being used for breathing. The eyes in Sacabambaspis were situated 
at the very front end of its head, like headlights, and the jawless mouth sat between the eyes. Their trunks and 
tails were covered in narrow bony plates, allowing the trunk and tail some flexibility. They had no fins except for 
the caudal fin. 


The Astraspida, from North America, were also fusiform, armored fishes with only a rounded caudal fin. They 
had dorsal and ventral head shields made up of many polygonal units of bone called tesserae, and had 
diamond-shaped scales covering their tails. Their eyes were located on the sides of their heads, rather than the 
front. They also had about 10 gill openings; these are less numerous and situated more dorsally than those of 
arandaspids, on the ventral margin of the dorsal shield. Their dorsal shield had several longitudinal crests, as well 
as an interesting set of grooves in the plates making up these shields. These grooves likely held something that we 
can see in most fishes: a sensory canal system. 





Sensory canal system in fish 


If you look at the flanks of many living fish today, you will see a line of pored scales that cover a groove or 
canal running down the sides of their bodies; this is called a lateral line system. It is a sensory system, which 
allows fish to detect minute changes in the pressure of the water around them. As anything moves through the 
water, it pushes water in front of it. Being able to sense these ‘pushes’ means the fish can sense something coming 
before it arrives. If you have ever tried to catch a fish bare-handed, you have probably been foiled by their lateral 
line system! 
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The key to the lateral line and sensory canal system is a sense receptor called a neuromast, which is connected 
to the nervous system of the fish. The neuromast consists of a cup-like base embedded in the canal, and a 
jelly-filled sheath called a cupola or cupula. The cupula extends into the fluid in the canal. Any movement in the 
surrounding water causes the fluid in the canal, and the cupula, to move. Within the cup-like base of the neuromast 
are several sensory cells, with hair-like cilia that extend up into the cupula. These sensory cells send out constant 
regular impulses to the brain at all times. When the cupula is moved by a pressure wave (or ‘push’) in the water, 
the cilia are bent. This changes the signal the sensory cells send to the brain, allowing the fish to tell the direction 
and strength of the wave. 


A fish can sense its own movement, that of nearby predators or prey, and even the water displacement of 
Stationary objects. 


Have you ever wondered why fish in a tank are not constantly running into the 
glass walls? 
It is because when they swim toward one of the walls, they can sense their own reflected wave of water being 


pushed back by the wall through their lateral line system. Even though they cannot see the glass, they can sense 
that it is there. 





Left: Sacabambaspis reconstruction; right: Astrap/s reconstruction (Astraspida), the head shield is formed by many small tesserae, not a single 
sheet of bone 


Such a sensory system would have helped the astraspids to navigate their marine habitat, avoid predators, and 
find prey. It is not surprising that most fishes today retain a system of sensory canals, like the lateral line. 


2.4,2 Heterostraci 


Astraspids are the most likely sister group to the remaining pteraspidomorphs, a large and diverse clade of 
fishes called the Heterostraci. Heterostraci means ‘different shields’ or ‘different scales’. They lived from the 
Early Silurian to the Late Devonian (about 430,000,000 — 370,000,000). In general, heterostracans look similar to 
the other pteraspidomorphs; they had dorsal and ventral head shields made of acellular bone called aspidin, 
fusiform bodies, large trunk scales, and no fins except the caudal fin. However, the arrangement of their scales and 
their bone tissues are unique, and they had only one external branchial opening on each side of their bodies. 





Reconstruction of the heterostracan Drepanaspis 


There are around 300 known species of heterostracans, and they came in a variety of forms. Some of the 
earliest heterostracans had dorsal shields that were completely fused, with notches or openings for their eyes and 
a sensory organ on the top of their heads called a pineal organ. The pineal organ likely allowed heterostracans to 
sense changes in the light levels above them. 
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‘Man On The Hill’ site 


The University of Alberta has a wonderful collection of ostracoderm fossils, including hundreds of heterostracan 
specimens. Many of them came from an extraordinary Early Devonian fossil locality called ‘Man On The Hill,’ or 
MOTH. MOTH was first discovered by scientists from the ‘Geological Survey of Canada,’ who contacted the 
‘University of Alberta’ researcher Dr. Brian Chatterton after finding fossil arthropods called trilobites. When 
Dr. Chatterton went to the locality, he noticed an oddly-shaped rock formation visible from his main field campsite 
that looked like a man standing on a ‘hill’ (the top of the nearest mountain). He called the locality ‘Man On The Hill’ 
after this rock formation. 


This locality is high up in the ‘Mackenzie Mountains’ of the ‘Northwest Territories’ of Canada, well above the 
vegetation line. The fossils weather out of a layer of rock known as the MOTH fish layer and collect in a scree pile 
below. In order to collect these fossils, researchers must take a helicopter from the nearest town to make a base 
camp, and then climb the steep slope daily to search through the rubble for fossils. Usually, the best fossils are 
barely visible, with only a tiny piece of bone exposed, and the rest of the fossil is buried in the rock, waiting to be 
prepared out. The ‘University of Alberta’ researchers have been collecting fossils from the MOTH locality since the 
1980°, and have brought back hundreds of fossil fish specimens that are now housed in the university collections. 


The rocks at MOTH are composed of finely laminated clay-rich limestone or calcite-rich shale. There are no wave 
ripples. The most recent interpretation of the depositional environment is that it was a deep pocket, or ‘low’, within 
a carbonate shelf. The shale is dark, and Iron pyrite is present in many of the rocks. Iron pyrite is only deposited in 
O-poor environments; therefore, this indicates that the muck at the bottom of the MOTH ‘low’ was depleted in O. 
Despite this, the area was capable of supporting many diverse forms of life. One possible explanation for this is that 
the water column above the anoxic low was well-oxygenated, and the fish sank to the mud only after death. The 
anoxic environment meant the bodies were not disturbed before or after burial, producing many spectacular fossils. 
MOTH was home to representatives of all three groups of Ostracoderms that we are examining in this lesson. 
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Left: Athenaegis chattertoni from MOTH, right: Reconstruction of Athenaegis chattertoni 
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The Devonian Period, in which the MOTH fish layer was deposited, is known as the ‘Age of Fishes’. It is named, 
because fishes reached a substantial diversity during this time, with a variety of Agnathans and gnathostomes 
known. The Devonian Period was the setting for a major period of diversification and radiation for all of these 
groups, but some are also known from earlier, from the Silurian Period, including heterostracans. One of the 
earliest and best-preserved heterostracans comes from a Silurian locality near MOTH known as ‘Avalanche Lake.’ 
This little fish is named Athenaegis chattertoni. 


Athenaegis means ‘Athena's shield,’ because its dorsal shield is covered with convoluted ridges, that reminded 
researchers of the mythical snake-haired Gorgon, Medusa, of Greek mythology, whose head was attached to 
Athena’s shield. The specific epithet honors Dr. Brian Chatterton. At the time it was described, fossils of Athenaegis 
represented the oldest known well-preserved vertebrate tail. Heterostracans were the first group to swim effectively 
by using their tails to propel themselves through the water, instead of by flexing their whole bodies against their 
notochords. The tail in Athenaegis is fork-shaped, with many thin scale-covered lobes. It also has rows of small 
bony plates between its dorsal and ventral shields and bony plates around its eyes. Its mouth is composed of many 
Small plates, and would probably acting like a flexible scoop. 
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Later heterostracans had similarly forked tails. Two of the best-known of these heterostracans from MOTH are 
Nahanniaspis and Dinaspidella. Although their tails look symmetrical, the lower main lobe was a bit bigger than the 
upper main lobe, and the notochord extended through this lower lobe. This type of a tail is called a hypocercal 
tail; ‘hypo’ means ‘below,’ and ‘cerca’ means ‘tail.’ 


Dinaspidella fossil from MOTH 


In living fishes, a great variety of caudal fin shapes exists. Each of these tails pushes water a little differently, 
and dictates how the fish typically swims. Thin, tall, crescent-shaped tails are ideal for fish that swim fast over long 
distances, like tuna. They are extremely efficient when it comes to moving in one direction, but they do not allow 
for rapid changes in direction. Short, broad tails are best for fast acceleration without sacrificing maneuverability, 
but are poorly suited to long-distance cruising, and are often found in ambush predators like a grouper. Most early 
vertebrate tails were short and broad, which makes sense for small, bottom-dwelling fishes. 


Most early vertebrates also had hypocercal tails. When the notochord extends through one lobe of the tail, that 
lobe is generally stiffer than the other is. The notochordal lobe also tends to be bigger than the lobe that does not 
contain the notochord. This asymmetry results in the propulsive force being generated in two directions. Hypocercal 
tails propel fishes forward, also upward, because the ventral part of the tail (where the notochord is) pushes more 
water than the dorsal part. It therefore makes sense that many early vertebrates had hypocercal tails. These were 
small fishes covered in heavy, bony armor plates. If every thrust of their tail pushed them upward as well as 
forward, this would have helped to counteract the weight of their shields. 


In addition to stronger tails, many later heterostracans had dorsal spines on their head shields. Their head 
Shields were also composed of many different plates. Many had wing-like cornual plates that projected laterally. 
These plates and spines may have helped provide stability in the water, like keels, preventing the heterostracans 
from rolling. These heterostracans were very successful, and some species could grow up to 2 m long! 


The endoskeletons of heterostracans were probably made of cartilage. All we know of their internal anatomy 
comes from impressions on the inner surfaces of their dorsal and ventral shields. In the internal view of a 
well-preserved dorsal shield from a heterostracan, we can see notches for the eyes and branchial openings, the 
pineal area, and impressions of gill pouches and a dorsal nerve cord. There are also two pairs of grooves in the 
center; these are impressions of semicircular canals. 


- 90 - 


Paleontology - Early Vertebrate Evolution 





Inner ear of jawed vertebrate showing three semi-circular canals 


You and I have three semicircular canals that form part of our inner ears. The semicircular canals detect rotation 
of the head in different directions. Each canal is filled with fluid, contains sensory cells that are similar to the 
neuromasts in the sensory line canals, with hair cells and a cupula. Just like with the sensory canal cells, these 
inner ear sensory cells constantly send impulses to the brain. When the head rotates, the fluid moves within the 
canals, causing the cupula and hair cells to bend. This alters the signal the sensory cells send to the brain. We 
perceive this as a tilting sensation, like the feeling you get when you go around a tight turn in a car, and it gives us 
our sense of balance. We have three pairs of semicircular canals, one horizontal canal, and two vertical ones. The 
three canals allow you to detect when you turn your head and when you tilt your head forward or to the side. Not 
all vertebrates have three pairs of semicircular canals; hagfish have one, and lampreys have two. 


There are impressions of at least two pairs of semicircular canals in heterostracans, but we cannot determine if 
they had a third, horizontal canal, because it would not have contacted the dorsal shield, and therefore, would not 
have left an impression. With two pairs of semicircular canals, heterostracans could probably detect the movement 
of their heads up-and-down, and side-to-side. However, they would have had difficulty staying balanced if they 
ended up rolling around the long axis of their bodies. Then again, as bottom-dwellers, they probably did not roll 
very often while swimming. 


2.4.3 Thelodonti 


The Thelodonti is another enigmatic group of Ostracoderms. They consist of a very large and diverse 
assortment of fossil fishes that are only really united by features of their scales. They may not represent a true 
clade and may be an assortment of independent lineages, called a polyphyletic assemblage. 





Tooth-like dentine scales of Thelodonts 


Rather than the large, heavy shields of the heterostracans, Thelodonts had thelodont scales: many tiny, 
tooth-like, hollow scales covering their bodies (thelodont means ‘hollow tooth’). They had many branchial openings, 
arranged in an arc starting immediately posterior to their eyes. There were two main ‘types’ of thelodont: some 
were depressed (flattened dorso-ventrally), and some were compressed (flattened laterally). 
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The way the fossils are preserved (their taphonomy) tells us something about the shapes of the living fishes. 
When fishes die, their bodies sink through the water column and buried in the muck at the bottom. If a fish is 
flattened one way, their bodies are more likely to end up lying on their flat sides. Like tossing a coin, it is more 
likely to land on a flat side, rather than its edge. 





Reconstruction of a depressed thelodont 


Depressed Thelodonts are usually found preserved dorsal or ventral side up, parallel to the layers in the rock in 
which they are preserved. They also had paired, lateral fin-like structures. Like the cornual spines in heterostracans, 
these probably helped provide stability in the water. 


Until the 1990°, all known Thelodonts were depressed. In the 1990°, two researchers from the ‘University of 
Alberta,’ Michael Caldwell and Mark Wilson, discovered a new order of vertebrates with thelodont scales from the 
MOTH locality. These were the compressed Thelodonts, called the Furcacaudiformes. 


Furcacaudiformes were similar to their depressed relatives in that they were covered with tiny, hollow, tooth-like 
scales, and had many branchial openings arranged in an arc. However, they had deep, laterally compressed bodies. 
When their fossils were first discovered, they were poorly preserved, and therefore, were originally misinterpreted 
as depressed Thelodonts. Their ‘pectoral fins’ looked strangely asymmetrical, though, and the fossils consistently 
possessed a weird conical groove on one side of their bodies. This puzzled researchers for decades, until Drs. 
Caldwell and Wilson collected better-preserved specimens of complete fishes. With this new evidence, they were 
able to determine that rather than looking at the dorsal or ventral sides of these fishes, they were looking at the 
lateral sides! The conical groove was actually the digestive tract, and the ‘pectoral fins’ were actually the dorsal and 
ventral fins. 


In addition to having a different body type than other early vertebrates, these Thelodonts had strongly forked 
and lobed tails (furcacauda means ‘forked tail’). These were similar to those of the heterostracans from MOTH like 
Nahanniaspis and Dinaspidella, and they might have been related. Furcacauda, one of the best-known genera of 
Furcacaudiformes and the namesake of the group, had a relatively blunt head, with big eyes and a small mouth, a 
dorsal fin, and a wedge-shaped body with a forked tail. The notochord and lateral line probably ran through the 
ventral lobe of the tail; therefore, although it was externally symmetrical, it was internally hypocercal, as in 
heterostracans. 





Reconstruction of the compressed thelodont Furcacauda 


In addition to a brand-new body plan, furcacaudiform Thelodonts also display a feature that was previously 
considered restricted to jawed vertebrates. If you look at a specimen of Furcacauda from the MOTH locality, you 
can see a roughly square structure in the ventral half of its body. This tube-like structure appears to be a part of 
the gut, and is sharply defined front and back ends. If it is part of the gut, these sharp ends were probably 
sphincters. Based on this evidence, the structure has been interpreted as a stomach. 
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This is the oldest evidence for a stomach in the vertebrate fossil record and the first evidence of any kind of 
stomach in a jawless vertebrate (living Agnathans lack stomachs). This fossil evidence was big news, suggesting a 
stomach evolved before jaws. This is just one example of a feature that we thought was unique to jawed 
vertebrates appearing in fossil Agnathans. 


2.4.4 Osteostraci 





Superciliaspis reconstruction; in reality, the body of this fish was covered with small bony plates 


The next and last group of Ostracoderms we will look at in this lesson had quite a few characters that were 
previously associated with jawed vertebrates. These are the Osteostraci, the sister group to the jawed vertebrates. 
Osteostracans were another heavily-armored group of Agnathans; Osteostracan means ‘bone shell’. They are found 
in North America and Europe, from Early Silurian to the Late Devonian deposits. Superciliaspis, an Osteostracan 
from MOTH, demonstrates some of the key features of this group. 





Osteostracan diversity 


Osteostracans had a dome-shaped bony shield covering the dorsal surface of their heads. These cephalic 
shields were flattened ventrally and the head shield included a bony bar extending ventrally across the anterior 
part of their trunks. The shields were essentially helmets (remember, ‘cephalos’ means ‘head’) with several 
openings. The eyes were located close together on top of their heads, with the pineal organ situated between 
them. They had several gill openings arranged in a circle on the ventral side of their bodies, and their mouths were 
on the ventral side. 





Cephalaspis reconstruction 
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Osteostracans were probably bottom-dwellers, and possessed a unique set of ‘fields’ in their dorsal shield, as we 
can see in Cephalaspis. These are specific and discrete areas of the shield where the armor was reduced to small 
tesserae, which probably supported by exposed skin. These cephalic fields may have functioned as a kind of 
sensory organ to detect changes in the pressure of the water around them, similar to a sensory canal line. They 
were connected to the inner ears by large branching canals. 


Osteostracan fossils can provide us with insights into their internal anatomy, because some soft head structures 
were enclosed in bones that formed around cartilages, called perichondral bone. Osteostracans had two pairs of 
semicircular canals, like lampreys, and enlarged gill pouches that were shifted towards the front of the animal. 


Although they share some features with other Agnathans, like dermal armor and two pairs of semicircular 
canals, these features are probably primitive for vertebrates as a whole. Such characteristics are called 
symplesiomorphies. An example is hair among mammals. You and I both share hair with other apes like 
chimpanzees, but it is not a feature that unites us as sister groups, because other mammals also have hair. To 
unite closely related groups to the exclusion of others, we rely on shared, derived traits called synapomorphies. 
Osteostracans are generally considered to be the sister group to jawed vertebrates, meaning they are more closely 
related to jawed vertebrates than they are to other jawless fishes. This is based on a number of synapomorphies. 


Osteostracans had several things in common with jawed vertebrates. They had cell spaces in their bone, as 
jawed vertebrates do, but in contrast to the acellular bone found in heterostracans. They had a special set of bones 
inside their eyes called a sclerotic ring, which could have helped their eyes retain their shape under the high 
pressures in deep water. Other derived traits meant that Osteostracans were probably more efficient swimmers 
than other Agnathans. 


One example of this improved swimming ability is found in Osteostracan inner ears. Like early jawed 
vertebrates, the endolymphatic canals, or ducts, of their inner ears were connected to the water around them 
through open endolymphatic pores. We can see these in sharks today. These open pores are indicated by special 
mineral deposits that we find in Osteostracans from MOTH. These are called otic infillings, or ear sand, and they 
are mineral particles that have been brought into the Osteostracans’ inner ears from the seawater. 


When researchers from the ‘University of Alberta’ began noticing these otic deposits, they realized they were 
similar to deposits found in extant sharks. In sharks, open endolymphatic ducts allow seawater to enter the inner 
ear canals. The endolymphatic ducts lead to a large chamber in the inner ear called the sacculus. In sharks, 
sand-sized particles of rocks and minerals enter the sacculus through the pores. These grains are bound together 
by organic material that the shark secretes, forming staticonia, or ear stones. Bony fishes have ear stones that are 
made entirely from minerals that the fish secretes, and their endolymphatic ducts are not open. The ear stones in 
bony fishes are called otoliths, and they have a more well-defined morphology than staticonia. 


The staticonia and otoliths become part of the fishes’ inner ear sensory system, and allow them to detect 
changes in acceleration and gravity. As in the semicircular canals, there are hair cells in the sacculus that send out 
impulses to the brain. When the fish banks, the fluid moves, moving the hairs and changing the signal that is sent 
to the brain, resulting in a sensation of imbalance. The fish can then correct its position to level its head. The 
staticonia and otoliths that jawed fishes have, and Osteostracans had, help keep them from becoming disoriented 
in their aquatic environment. 


Another example of an adaptation for efficient swimming, is that the notochord in Osteostracan tails went 
through the upper lobe of the caudal fin, rather than the lower lobe. This kind of asymmetrical tail is called 
epicercal or heterocercal, and can be seen in modern sharks and some bony fishes today. 


The upper lobe of a shark’s tail is larger and stiffer than the lower lobe; therefore, more water gets pushed by 
the dorsal part of the tail compared to the ventral part. Epicercal tails are able to produce a lot of forward thrust, 
but because the dorsal part of the tail pushes more water than the ventral part with each thrust, they also produce 
a force that pushes the head down as the shark moves forward. Sharks counter this with their wing-like pectoral 
fins, which produce an upward force as they move forward through the water. It is possible that the shape of the 
headshield in Osteostracans (flat ventrally and domed dorsally) could have produced a similar upward-directed 
force to counteract the downward tilt produced by their tail. Alternatively, the downward force may have helped 
them to keep their heads down while swimming, making it easier to find food in the mud on the sea floor. 


In addition to a shark-like caudal fin, Osteostracans had a dorsal fin (some also had a second, finlike structure 
immediately behind their heads). Most Osteostracans had a pair of laterally projecting spines called cornual spines 
extending from the posterior margin of their head shields. They also had a pair of muscular pectoral fins. These 
were rounded, with narrow bases, and they were separated from the trunk, unlike the broad-based, fleshy fin-like 
structures found in Thelodonts. Osteostracans’ pectoral fins are considered homologous to the pectoral fins found 
in all jawed vertebrates. 
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2.5 Conclusions 


When comparing an Osteostracan like Superciliaspis to Haikouichthys or Metaspriggina, it is clear that jawless 
vertebrates underwent many changes throughout their evolutionary history. From calcified cartilages and bone to 
paired appendages and complex cephalic armor, the Agnathans continuously adapted over millions of years to meet 
the ever-changing demands of their environment. Their fossils stand as testimonies to the earliest great radiations 
of vertebrates. Their relatives, sharing many of the same traits, would change still further. During the Silurian 
Period, another major change was in the making. The sister group to Osteostracans would develop a whole new set 
of weaponry that would change the way vertebrates interacted with their environment, and with each other. 
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3 Learning To Bite 
3.1 Early Vertebrates: Geography And Climate In The Paleozoic 


As we continue our journey along the vertebrate tree of life, it is important to remember that vertebrates did not 
evolve in a vacuum. The evolution of our earliest vertebrate relatives was shaped by global events, as was the 
evolution of their contemporaries. 


What was the world like, hundreds of millions of years ago, and how did changes 
to that world impact the early life that filled its seas? 





Paleomap showing continental positions from the Late Ordovician to the Early Silurian 


During the Ordovician Period, most of the world's land was collected together in a supercontinent called 
Gondwana. Gondwana included what are now Southern Europe, Africa, South America, Antarctica, and Australia. 
North America was equatorial and part of a continent called Laurentia. Laurentia was separated from two other 
large continents, Siberia and Baltica, by the Iapetus Ocean. Laurentia was mostly covered by shallow seas 
during the first half of the Ordovician. In fact, vast areas of the planet were covered in continental shelves and 
Shallow seas - perfect conditions for marine animals. The Early-Middle Ordovician was a time of diversification of 
carbonate-shelled organisms. These include reef-building corals, echinoderms like sea stars, arthropods like 
trilobites, mollusks like bivalves, cephalopods, and animals called brachiopods, which appear superficially similar to 
bivalves. The earliest vertebrates, such as the arandaspids and astraspids, also diversified during the Ordovician. 


Toward the end of the Ordovician, the Earth's climate changed dramatically. Major uplifts and mountain building 
took place in areas that were formerly covered by shallow seas. Volcanic activity increased and ocean currents 
changed as the continents moved. Gondwana headed steadily south, and by the Late Ordovician, it covered the 
South Pole. 


Glaciation is more likely to occur when land covers the poles than when the poles are covered by oceans. The 
poles are generally colder than the equator, and the oceans absorb and retain heat better than the continents do. 
Smaller changes in temperature are required to form glacial ice on land than would be needed to form the same 
glacial ice over the oceans. This means that it is much easier for glaciers to form and persist on land than water, 
particularly at the poles. 


The vast landmass of Gondwana over the South Pole resulted in a major glaciation event in the Late Ordovician. 
With a huge amount of water locked up in ice, the global sea level dropped dramatically and the shallow seas 
disappeared. This rapid cooling and sea level drop resulted in two major pulses of extinction. Taken together, these 
Ordovician-Silurian extinction events were the first of the ‘Big Five’ mass extinctions in Earth’s history, and 
the second most severe. For context, the Ordovician-Silurian mass extinction was more severe than the 
End Cretaceous extinction event 66,000,000 y ago that ended the reign of the non-avian dinosaurs. Almost all life 
existed in the sea in the Ordovician was devastated by the changing oceans. An estimated 60 % of the existing 
genera went extinct over a period of approximately 5,000,000 y. 


Fortunately, for us the early vertebrates were one of the groups that survived. During the Silurian, the polar 
glaciers retreated, and the sea level rose, restoring the shallow seas. Laurentia, Baltica, and a microcontinent called 
Avalonia began to collide and close the Iapetus Ocean. The Earth entered a long, warm greenhouse phase that 
was relatively stable by the middle to Late Silurian. The first moss-like land plants evolved, and the first terrestrial 
arthropods followed, but most life remained in the seas. The Agnathans diversified and evolved, along with the first 
members of a new vertebrate group, with a new adaptation. 
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3.2 The Origin Of The Jaw 


At some point, probably around the time of the Ordovician-Silurian extinctions, some vertebrates evolved jaws. 
Up until this point, all vertebrates were jawless. Some groups of Ostracoderms had armor plates around their 
mouths that were specialized for feeding, but none had anything like a grasping jaw. Ostracoderms probably fed by 
filtering food particles from the water they swam through, or scooping up mud and small particles of food from the 
sea floor. Most early fishes were small, and vertebrates were by no means the top predators, but that would soon 
change. 





Upper and lower cartilaginous jaws of a shark in lateral view 


A jaw is a structure in the mouth composed of at least two opposing sections of skeletal material, connected by 
a flexible joint. In vertebrates, the sections of the jaw are made of cartilage or bone and oppose vertically. This 
means that the vertebrate jaw is made up of an upper jaw and lower jaw on each side of the head, together called 
the mandibular arch. The upper jaw in early-jawed vertebrates is a cartilaginous element called the 
palatoquadrate cartilage, and the lower jaw is made of Meckel’s cartilage. In bony fishes, these are replaced 
with bone, but these cartilages still make up the jaws in modern cartilaginous fishes, like sharks. 


The vertebrate jaw is not homologous with jaws in non-vertebrate animals; jaws have evolved independently in 
several groups and in several different arrangements. For instance, arthropods like insects have mouthparts that 
are made of a substance called chitin, and they oppose each other laterally. The fact that so many different groups 
have independently evolved similar structures indicates it is likely that such a structure confers a significant 
adaptive advantage. Jawed vertebrates all belong to a large clade called Gnathostomata, meaning ‘jawed 
mouths. ’ 


3F,2A1 Temporal And Ecological Contexts Of The Origin Of The Jaws 


When jaws evolved exactly is a bit of a puzzle, because the vertebrate fossil record from the Ordovician and 
Early Silurian is poor. Although we have found disarticulated pieces, such as scales or bone fragments, that 
probably came from jawed fishes, these are not definitive. What we go have are identifiable gnathostome scales 
from the Early Silurian, and articulated gnathostome fossils from the Late Silurian. Fossils from the Late Silurian of 
China that represent several different gnathostome groups have also been described. Furthermore, fossils of jawed 
vertebrates from the Late Silurian have been recovered from the Northwest Territories and New Brunswick in 
Canada. All of this suggests gnathostomes had evolved by at least the Early to the Middle Silurian, and had 
diversified and dispersed around the world by the Late Silurian. During the Silurian and Devonian, these jawed 
vertebrates would rapidly diversify to fill many niches previously occupied by non-vertebrate predators. 


Rather than referring to one specific thing, a niche refers to a/ of the factors that affect the growth, 
reproduction, and survival of a population. Members of a species will thrive if the conditions of its niche are met. 
This can include the food they eat, the physical space they occupy, their preferred climate and habitat, or any 
combination of factors. When more than half of the life that existed in the Ordovician went extinct, those species 
no longer occupied their niches, and those resources became available to other organisms. In paleontology, we 
often see a period of rapid diversification following an extinction event, as the survivors take advantage of reduced 
competition for resources; this is known as adaptive radiation. 


It seems as if vertebrates were perfectly poised to overtake the niches that opened up when many groups of 
invertebrates went extinct at the end of the Ordovician. Certainly, the evolution of jaws would have conferred an 
advantage: fishes with jaws were able to grasp and prey upon other animals. This was something that the 
Agnathans at the time were unable to do; they had no grasping jaws. Similarly, Ostracoderms were filter-feeders or 
sucked up mud to find food, but the first gnathostomes were active predators. Both gnathostomes and Agnathans 
diversified and thrived during the Silurian. By the Devonian, gnathostomes came to dominate almost every marine 
environment. 
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Having opposable jaws meant that gnathostomes could catch, hold, and eat other animals. This opened up a 
completely new arena of competition for the early vertebrates. The early gnathostomes inherited the adaptations 
for improved swimming, and the addition of jaws meant these fast-swimming fishes could now catch and eat a 
wide range of prey animals. Being able to secure more and higher quality food confers a significant selective 
advantage to any animal, and the early vertebrates were no exception. 


Z.202 How Did The Jaws Evolve? 


Although we certainly know that jaws were incredibly important to the evolution of early vertebrates, the 
evolution of the early jaws themselves is not very well understood. It is one of paleontology’s big unanswered 
questions: 


How did jaws evolve? 


One of the reasons this remains a puzzle is that there is no transitional fossil that is ‘partially jawed:’ things are 
either completely jawless, like Osteostracans, or have fully-formed jaws. 


3.2.2.1 Gill-Arch Hypothesis 


The mandibular arches are similar in their overall appearance to another set of arches in gnathostomes: the 
gill-arches. These arches support the gills in living fishes and some aquatic tetrapods. Because they look similar, 
the jaws and gill arches have long been hypothesized to be related. In 1870, German anatomist Carl Gegenbaur 
suggested that the jaws, and the hyoid-arch that supports the jaws, were modified from the gill arches. Although 
the gill arches and mandibular arches are certainly related, the exact nature of that relationship is still being 
debated. 
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Gill-arch, velum, and ventilation jaw evolution hypothesis 


Osteostracans are considered to be the sister group to jawed vertebrates. According to the gill-arch hypothesis, 
the common ancestor of these two groups should have had gill-arches, which would have been modified to become 
the jaws in gnathostomes. However, gill-arches are unknown in Osteostracans. In addition, impressions on the 
inside of Osteostracan dorsal shields suggest that they had gill-pouches, like lampreys and hagfishes. Therefore, 
the gills of Osteostracans would have been on the medial (internal) side of the skeleton, as they are in hagfish and 
lampreys. In gnathostomes, the gills develop on the lateral (external) side of the gill-arch skeleton. This 
arrangement makes the question of which evolved from which a difficult one, because neither is obviously derived 
from the other. This is further complicated by the fact that there are no known intermediates between internally 
and externally supported gills, and the only living jawless fishes are highly derived. 


3.2.2.2 Ventilation Hypothesis 


In addition to asking how the jaw evolved, paleontologists also try to determine why a jaw would have begun to 
form in the first place. One hypothesis for this involves the first ‘version’ of the jaw, being a structure that improved 
breathing. In the 1990°, an evolutionary biologist named Jon Mallatt observed that fossil Agnathans had cheeks and 
lips around a large oval cavity, to which the first gill-arch was directly posterior. Mallatt proposed that this gill-arch 
could have been used to suck in water to filter for food particles. Enlargement of the gill-arches and the 
development of muscles to move them would have resulted in water moving more efficiently through the pharynx. 
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More efficient water movement through the pharynx would led to more food being filtered out, conferring a 
selective advantage. This means that selection would have favored any changes to the gill-arches and pharyngeal 
muscles that resulted in more efficient water flow through the pharynx, including being able to open and close the 
mouth rapidly. By closing the mouth, the pharyngeal muscles would be able to force water across the gills, 
improving respiration. Therefore, selection would have favored animals that could close their mouths. 


In this way, Mallatt suggested that the mandibular gill-arch developed into a proto-jaw, because it enabled the 
fish to open and close its mouth rapidly, thus increasing the respiratory function. The grasping capability of the jaw 
would have been a side benefit, but one that would also be acted upon by selection, creating more and more 
effective jaw. This meant that not only could gnasthomes grasp prey, but they could also satisfy much higher 
respiratory demands than Agnathans. 


3.2.2.3 Velum Hypothesis 


Around the same time as Mallatt proposed his hypothesis, paleontologist Philippe Janvier proposed another 
scenario for proto-jaws. Lampreys and hagfish have a structure called a velum, which is like a curtain of soft tissue 
that separates the esophagus from the gill-pouches. The velum is supported and moved by paired velar cartilages, 
connected to the rest of the skull by a hinge joint (similar to a jaw). According to Janvier’s hypothesis, the jaws 
evolved from the velar skeleton, and not from the gill-arches. Janvier’s velum hypothesis has one major problem. 
The velum extends into the throat, rather than toward the lips, as a jaw would do. Therefore, like gill-arches it is 
difficult to see continuity from the velum to the jaws. 


3.2.2.4 Metaspriggina 





Metaspriggina reconstruction 


A new fossil discovery has provided some new information about the earliest vertebrate gill arrangement: 
Metaspriggina, the Cambrian vertebrate from the ‘Burgess Shale Formation,” may have had gnathostome-like 
gill-arches, with upper and lower arch elements. The first set of arches is somewhat enlarged relative to the others 
in Metaspriggina, and is not associated with external gills. If these arches are homologous to gnathostome 
gill-arches this would mean that the gill basket arrangement in lampreys is derived, and therefore, could not have 
been a precursor for the gnathostome pharyngeal skeleton. Maybe the gill-basket is derived from gnathostome-like 
gill-arches, instead of the other way around! On the other hand, this single example alone does not overturn what 
is Known of many other Agnathans. It is also plausible that Metaspriggina had its own specialization and paralleled 
what occurred much later in gnathostomes. 


The origin of the vertebrate jaw is still a very active area of research in vertebrate paleontology and evolutionary 
biology, and it is probable that the real story was some combination of the many existing hypotheses. We may not 
know for sure how the vertebrate jaws developed, but we certainly have a clearer picture now than we did a 
hundred years ago! New fossil discoveries and new developmental and molecular evidence from extant vertebrates 
continually add to our understanding of this evolutionary puzzle. In any case, we certainly know that jaws allowed 
early vertebrates to diversify rapidly into many new ecological niches. 


3.3 Gnathostomata: The ‘Jawed Mouth’ 


We have discussed Agnathans. Today, Agnathans only comprise about 0.2 % of all living vertebrate species; the 
rest are jawed vertebrates, or gnathostomes. Now we are beginning to explore this 99.8 %, including almost all 
fishes and all tetrapods (amphibians, reptiles, birds, and mammals). 
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Simplified Gnathostome phylogenetic tree showing 4 major divisions 


By the Late Silurian, gnathostomes had diversified into 4 major groups, two of which remain today. These 
groups are the Placodermi, the Chondrichthyes, the Osteichthyes, and the Acanthodii. We will discuss 
members of each of these groups in the rest of this lesson and in the next lesson of this course. All four of these 
groups possessed mandibular arches, a hyoid-arch that connects the jaw to the braincase, a third (horizontal) 
semicircular canal, and paired pelvic fins in addition to the paired pectoral fins we saw in Osteostraci. 





Reconstruction of a great white shark 


Gnathostomes were already represented by large, predatory fishes in the Late Silurian, as we know from fossils 
of large placoderms, acanthodians, and osteichthyans. Chondrichthyans by contrast are not well-represented by 
fossils from the Silurian, but that is likely because chondrichthyan skeletons are cartilaginous and do not preserve 
as well as the bone of the other three groups. Gnathostomes continued to evolve and diversify, becoming the 
dominant vertebrates throughout the Devonian, known as the Age of Fishes. 





Paleomap of the Early Devonian 


During the Early Devonian, Laurentia, Baltica, and Avalonia completed their collision and formed a minor 
Supercontinent called Euramerica, forming the Caledonian mountain range in the process. During the 
Devonian Period, the supercontinents of Gondwana and Euramerica would start to draw together. Eventually all of 
the continents would collide to form one giant supercontinent called Pangaea, but not until the Permian Period. All 
of this tectonic activity meant that sea levels during the Devonian remained high; forming plenty of shallow sea 
habitat for reef-building corals and relatives of sponges called stromatoporoids, as well as brachiopods, trilobites, 
and coiled cephalopods called ammonoids. Agnathan vertebrates started to decline, but gnathostome vertebrates 
increased in diversity in both marine and freshwater environments. 


Our gnathostome fossil examples for this lesson come from two Canadian localities: the Early Devonian ‘Man On 
The Hill? (MOTH) locality, which we visited in a former lesson, and the Late Devonian locality of Miguasha, 
Quebec. 
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Miguasha is one of the most famous fossil localities in the world, having yielded thousands of spectacularly 
preserved fish fossils since its discovery in 1842. The fossil-bearing rocks at Miguasha exhibit a mix of marine and 
terrestrial characteristics. They are mostly terrigenous clastic rocks, including sandstones and clay-rich 
mudstones that bear sedimentary structures such as ripple marks. Many of the fossils found in these rocks 
represent marine animals, and the chemistry of the rocks themselves is similar to that of Devonian oceans. This mix 
of marine and terrestrial characteristics suggests that Miguasha was an estuarine environment. 


Environments like those of the Devonian estuary at Miguasha support some of the richest diversity of life on the 
planet, as nutrients from the sea mix with nutrients from the land. The waters at Miguasha, as at MOTH, were 
somewhat O--poor, and the sedimentation rate was high. As soon as a fish died and settled to the bottom of the 
estuary, it was rapidly buried. This protected the remains from the water currents and prevented scavengers from 
reaching them. The mud around the carcass was even more anoxic than the water above, as evidenced by the 
presence of Iron pyrite. Between MOTH and Miguasha, all 4 groups of gnathostomes are represented. 


3.3.1 Placodermi 





The placoderm Coccosteus with bony armor covering anterior 


The heavily-armored placoderms are the most likely sister group to the remaining gnathostomes. Although 
placoderms were extremely diverse in their body forms, all had bony plates covering the anterior part of the body. 
For a long time, placoderms were considered a monophyletic group, or clade, and some scientists still argue that 
placoderms are monophyletic. Recent phylogenetic studies have suggested that this may not be the case. Instead, 
placoderms may comprise a paraphyletic assemblage of armored fishes branching off the gnathostome stem. For 
our purposes, we will be following this recent evidence and using a (simplified) phylogeny with placoderms as a 
paraphyletic grade. 


In phylogenetic, a crown group is a monophyletic group that includes all the living members of that group, 
their last common ancestor, and all of its descendants. For instance, crown group gnathostomes include all the 
living members of Chondrichthyes and Osteichthyes, the common ancestor of both groups, and all of the 
descendants of that ancestor. Any branches off the gnathostome stem that are not included in the crown group are 
called stem gnathostomes. The stem group and the crown group together are called the total group. 


Placoderms are an example of stem gnathostomes, but therefore, are almost all of the agnathan vertebrate 
groups we discussed in a former lesson! Strictly speaking, all vertebrates outside of crown group Gnathostomata 
that are more closely related to living jawed fishes than they are to living Agnathans are considered stem 
gnathostomes. This includes jawless fossil vertebrates like Ostracoderms. ‘Gnathostome’ refers to jawed 
vertebrates; therefore, this means that most Ostracoderms are technically ‘jawless stem jawed vertebrates.’ This 
can become confusing, and is one reason why traditional group names like ‘Ostracoderms’ and ‘placoderms’ are still 
useful to describe specific parts of the extensive gnathostome total group. 


Most scientists today consider placoderms to be the most basal group of jawed fishes. These heavily armored 
fishes were hugely successful during the Devonian. They lived in both marine and freshwater environments in every 
continent except for South America. Even their eyeballs were mostly covered in bone! They were only around until 
the end of the Devonian, but in that time, they dominated almost every aquatic environment. We will examine a 
few extraordinary examples in this course. 





Reconstruction of a member of the Arthrodira, the massive Dunk/eosteus 
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Dunkleosteus, best known from the ‘Cleveland Shale,’ is perhaps the most famous placoderm. It was one of the 
first vertebrate superpredators, and one of the largest predatory fish to have ever existed, growing up to 9 m long. 
Dunkleosteus was a member of a group of placoderms called the Arthrodira, which means ‘jointed neck.’ Their 
cranial (head) and thoracic armor was composed of many different large plates (thoracic refers to the part of the 
body between the abdomen and the head). Between the cranial and thoracic shields was a mobile joint called the 
cranio-thoracic joint. The space between the two shields is called the nuchal gap. When Dunk/eosteus opened 
its mouth, it could do so by moving its head upward and back, closing the nuchal gap, while its lower jaw swung 
down, and outward. This resulted in a huge, fast, and powerful bite. Most placoderms, including arthrodires, also 
had specialized jawbones that acted like selfsharpening scissors. These would have functioned like teeth, allowing 
them not only to grasp prey, but slice through it. 


Not all placoderms were gigantic predators, though. This grade of vertebrates occupied every available aquatic 
ecological niche. They were incredibly diverse and specialized. Some were ray-like bottom feeders, some 
(Materpiscis) resembled living ratfish, some were specialized to feed on shellfish, and others found food in the mud 
on the bottom of the sea or body of fresh water they inhabited (e.g. rhenanids). 





Reconstruction of the Antiarch Bothriolepsis 


Miguasha was home to one of the most well-known placoderms: Sothriolepis canadensis. Bothriolepis is a 
member of a group of placoderms called Antiarchi, bottom-feeding fishes with long thoracic shields and weird, 
jointed armor on their pectoral fins. This armor gives the impression of arthropod legs, since the fins were entirely 
encased in bone. The function of antiarch fins has puzzled paleontologists for decades. Perhaps they used them to 
grip the substrate in fast-flowing water, or to fling up sand and bury themselves. Most recently, it has been 
suggested that they could have used their fins like rudders to move up and down in the water column. Any of these 
are plausible hypotheses. 





Reconstruction of a shark with claspers visible to the pelvic fin 


The ratfish-like ptyctodont placoderms were the first group of vertebrates to fertilize their eggs internally with 
claspers, male anatomical structures used for mating. Ptyctodont claspers are similar, but not homologous to the 
claspers in modern sharks. Shark claspers are extensions of the pelvic fins, whereas placoderm claspers were 
unique structures located behind the pelvic fins. They performed the same function, but did not evolve from a 
homologous structure in a shared ancestor, and are thus an excellent example of convergent evolution. 


In addition to having pelvic claspers, ptyctodonts gave birth to live young instead of laying eggs. In 2009, a 
ptyctodont placoderm from the ‘Gogo Formation’ was described with an unborn embryo and mineralized 
umbilical cord. This extraordinary fossil was named Materpiscis attenboroughi. Materpiscis means ‘mother fish’ 
and the specific epithet honors famous naturalist Sir David Attenborough, who drew attention to the significance of 
the Gogo fish sites in his 1979 series ‘Life on Earth.’ Embryos have also been found in other placoderm fossils 
from other groups (like arthrodires); therefore, it is possible that all placoderms fertilized their eggs internally and 
gave birth to live young. 
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Fossil Bothriolepis specimen from Miguasha, Quebec 


The antiarch genus Sothrio/epis has more than 100 species described, and has been found on every continent. 
In Miguasha, Quebec, Sot/hrio/epis is by far the most common fossil found. 


3.3.1.1 Other Aspects Of Placoderm Biology 


The internal skeletons of placoderms were made mostly of cartilage, not bone; therefore, we know a lot more 
about their heads than the rest of their bodies. At first glance, they look a lot like Osteostracans (especially the 
bottom-dwelling forms). Well-preserved fossils such as ptyctodonts confirm that they did have paired pelvic fins, 
like all jawed vertebrates and unlike Osteostracans. They also had two dorsal fins and heterocercal tails. Their 
trunks and tails were quite slender compared to the anterior part of their bodies. Placoderms have traditionally 
been thought of as slow or inefficient swimmers, weighed down by heavy armor, and limited to ambushing prey in 
short bursts of movement. However, some researchers have suggested that their armor may have served to make 
them better swimmers, because it gave them something solid against which they could flex their muscles. 


Placoderm vertebrae consisted of cartilaginous centra and small, y-shaped bony elements called neural and 
haemal arches above and below the notochord. The main structural element was still the notochord. The 
notochord is a sufficient support structure in small fishes, but it is also quite flexible and can only resist the pull of 
muscles to a certain degree. Having the notochord as the main resistance to the longitudinal muscles of the trunk 
means those muscles cannot be very strong, compared to the strength of the same muscles in vertebrates with 
ossified internal skeletons. Bone is much more resistant to the pulling of muscles than is the notochord. 


The notochord also becomes less efficient at storing and directing the energy that the swimming muscles exert 
as it becomes longer. Think of a flexible tree branch. A short piece of a flexible branch can resist bending, but the 
longer it gets, the easier the branch is to bend. In small fishes, the notochord suffices quite well, but once 
vertebrates got big, the notochord was no longer enough (and placoderms got very big). Big does not necessarily 
mean slow, however, and at least some placoderms, like the arthrodires, were probably active swimmers. It is 
possible that their armor actually allowed their tails to be flexible, while keeping the front part of the body stiff. 
Their armor may have also provided extra resistance to the trunk muscles and protection for the internal organs. 


3.3.1.2 Extinction Of Placoderms 


Placoderms diversified spectacularly during the Devonian, but did not survive the second of the ‘Big Five’ mass 
extinctions at the end of the Devonian. There are a number of hypotheses as to why placoderms did not make it 
through. A commonly stated hypothesis is that they were outcompeted by sharks, but sharks did not really diversify 
until after placoderms died out. Placoderms may simply have been at a disadvantage because they were so 
specialized. Placoderms had become so diverse that each group occupied a very specific niche. When conditions 
changed at the end of the Devonian, it is possible that these groups just could not adapt quickly enough. Their 
relatives, the crown-group gnathostomes, had lived in the shadow of the placoderms throughout the Late Silurian 
and Devonian, and would radiate into the niches left empty after their extinction. 


3.4 Crown-Group Gnathostomes 


The crown-group (= living) gnathostomes, or Eugnathostomes, are made up of the cartilaginous fishes and 
the bony fishes. Cartilaginous fishes, the Chondrichthyes, include sharks, rays, and all of their relatives. The bony 
fishes, the Osteichthyes, include your pet goldfish, lungfish, and all tetrapods including you! This is the next 
major clade in our evolutionary tree: we have explored Chordata, Vertebrata, and now we will explore 
Eugnathostomata. 
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What is it that makes a eugnathostome a eugnathostome? 





True teeth, typical of eugnathostomes 


We share a few things with sharks that we do not share with placoderms. For one thing, our jaw muscles are on 
the outside of our jaws. In placoderms, the palatoquadrate cartilage was attached to the skull roof, and the jaw 
muscles passed medial to it, internal to the mandibular arch. In eugnathostomes, the palatoquadrate cartilages are 
curved inward, not outward, and the jaw muscles pass laterally, on the outside. 


We eugnathostomes also have true teeth. Recently, some researchers have suggested that some derived 
placoderms had teeth, but they did not grow the same way that teeth in chondrichthyans and osteichthyans grow, 
and they were not replaced, as our teeth are. Whether these ‘teeth’ in placoderms are homologous with 
crown-gnathostome teeth is still unclear, but extant eugnathostomes, at least, replace their teeth in a way that 
placoderms did not. 


3.4,1 Acanthodii 





Acanthodian reconstruction 


The earliest unambiguous eugnathostomes to appear in the fossil record are the acanthodians. Acanthodians 
were small, torpedo-shaped fishes with large eyes and spines on the leading edges of all their fins except the 
caudal fin. Their scales and spines have been found in deposits that date back to the Early Silurian, and maybe 
even to the Ordovician, making them some of the oldest known gnathostome fossils. They were also very 
widespread and were found all over the world, up until the Permian, meaning acanthodians were around for about 
150,000,000 y. To put that in perspective, that is more than twice the amount of time that separates us from the 
End-Cretaceous extinction event. Our own genus, Horno, has only been around about 2,500,000 y. 


There have been a number of recent phylogenetic studies featuring acanthodians, mostly because we do not 
quite know where they fit, relative to other gnathostomes. They share features with both of the two living 
gnathostome groups. At first, they were thought of as ‘spiny sharks’, and then for a long time, they were 
considered to be the sister group to the bony fishes. There are a few competing hypotheses currently: all 
acanthodians could be stem-chondrichthyans. On the other hand, they could be split up on the chondrichthyan, 
osteichthyan, or even the gnathostome stems! 


Although their phylogenetic position is unclear, acanthodians from MOTH have helped us to understand better 
some of the features of this group. One of the reasons MOTH is extraordinary is because of its preservation of 
acanthodian and early chondrichthyan fossils. These little acanthodian fishes had cartilaginous endoskeletons, like 
modern sharks, and cartilage does not preserve as well as bone. Because of this, typical acanthodian fossils are 
disarticulated scales, fin spines, or bony jaw elements; the hard parts fossilize, but not usually the whole fish. At 
MOTH, however, whole fish have been found. Some of these fishes have interesting structures that we do not see 
anywhere else, such as tooth-like scales. 
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Acanthodians were one of the first vertebrate groups to have teeth, and because of this, they may include the 
ancestor of modern chondrichthyans and/or bony fishes, it is also possible that they represent some of the primitive 
conditions of toothed gnathostomes. Former ‘University of Alberta student’ Dr. Stephanie Blais focused on the teeth 
and toothlike scales of acanthodians for her PhD thesis, including the description of strange toothlike scales around 
the mouths of some acanthodians from MOTH. These structures were the first fossil intermediates between scales 
and teeth, and helped support the hypothesis that the two structures are related. 


As in the origin of the jaws, the origin of teeth in vertebrates remains a contentious topic among paleontologists 
and developmental biologists. The ‘Outside-in Hypothesis’ posits that the teeth evolved from scales that migrated 
into the mouth, whereas the ‘Inside-out Hypothesis’ postulates that teeth originated via the contact between neural 
crest-derived cells and endodermal (gut-derived) tissue. Blais found that the toothlike scales along the lips of MOTH 
acanthodians are consistent with the so-called ‘Outside-in Hypothesis’ of tooth origins. 


34,2 Chondrichthyes 





Tiger shark, a modern chondrichthyan 


Of the living crown-group gnathostomes, we are members of the Osteichthyes, but the Chondrichthyes are 
our non-bony-fish relatives. Chondrichthyes includes all sharks, rays, chimaeras, and all of their relatives. It is a 
hugely diverse and successful group, and we could spend a whole course talking just about sharks! For this lesson, 
though, we will give them a brief, honorable mention on our way to bony fishes. 





Prismatic cartilage typical of Chondrichthyes 


Chondrichthyes is united by a single unambiguous synapomorphy: their cartilage calcifies in prisms. Instead 
of being replaced by bone, the cartilage in chondrichthyans calcifies, with chains of tiny apatite crystals, linked 
together by collagen, covering the surface of the cartilage. 





Cladoselache, an extinct Devonian member of Chondrichthyes 


Because chondrichthyan endoskeletons were cartilaginous, they have a poor fossil record, but isolated scales 
that are probably chondrichthyan have been recovered from the Silurian. It is not until the Devonian that we find 
numerous articulated shark fossils, and the best-known of these is Cladoselache. 
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Cladoselache lived in the water column above what is now the ‘Cleveland Shale,’ along with Dunk/eosteus. It 
was probably food for the big arthrodira, being much smaller (about 2 m, to Dunk/eosteus’ 8 m). The fossils of 
Cladoselache from the ‘Cleveland Shale’ are spectacularly preserved, including traces of skin, muscle fibers, and, in 
some cases, even internal organs. This early shark has hardly any scales, large wing-like pectoral fins, a 
streamlined body, and a deep, crescent-shaped tail fin with powerful lateral keels. C/adose/ache is one of the 
best-known early chondrichthyans, but it was not primitive. This was a fast-swimming predator, adapted for speed. 
Fossils of Cladoselache have been found with fish that it had eaten tail-first, meaning it caught its prey ‘on the run’. 


Chondrichthyans underwent a major adaptive radiation after the extinction of the placoderms, and became 
incredibly diverse. There are over 1000 living species of chondrichthyans, and they still occupy almost every marine 
environment in the world. They are a fascinating group of animals! For our next lesson, however, we will return to 
our own roots in the bony fishes. The next step in vertebrate evolution is a literal one: the evolution of the 
vertebrate limb, and the fish-tetrapod transition. 


- 107 - 


Paleontology - Early Vertebrate Evolution 


4 Learning to Walk 
4.1 Osteichthyes: The Bony Fish 


Over the course of our previous lessons, we have focused on the gnathostome stem within vertebrates, from 
our earliest chordate ancestors all the way to the living crown-group gnathostomes, including chondrichthyans in 
the last lesson. The focus in this final lesson is on the clade to which we belong: the bony fishes. Taxonomically, all 
tetrapods (vertebrates with limbs and their descendants) are members of the Osteichthyes, meaning ‘bony 
fishes.’ Many features found in tetrapods are inherited from our aquatic vertebrate ancestors. 


4.1.1 Endochondral Bone 
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The ‘bony fishes’ are named for their endochondral bone, a new vertebrate feature. Most stem-gnathostome 
groups had bone, but the vast majority of their bones were dermal. Some, like Osteostracans and placoderms, 
also had perichondral bone, which is a thin layer of bone that forms around cartilage. Most of what we know of 
their internal anatomy comes from these perichondral ossifications. In the Osteichthyes, we see the addition of 
extensive endochondral bone, which is the type of bone that many of our bones are made of, particularly our 
limb bones. 


Endochondral bone starts as a cartilage precursor or ‘scaffold.’ As the bone develops, the cartilage is replaced by 
bone, or ossified. Endochondral means ‘within cartilage,” because this type of bone has an ossification centre 
inside the cartilage precursor and replaces the original cartilage skeletal element. Bone is deposited around the 
cartilage, but as the replacement of cartilage by bone continues, blood vessels invade the degenerating cartilage 
matrix. This allows more bone cells to be deposited internally while other cells gradually dissolve away the cartilage. 
The cartilage ends up being completely replaced by a network of bone containing blood vessels and nerve canals. 
Endochondral bones are very spongy on the inside. This spongy bone is surrounded by an outer ‘rind’ or cortex 
of dense, hard, compact bone. This arrangement means the bones can remain very strong, while being lighter 
and more flexible than they would be if they were dense bone all the way through. 


Osteichthyans have endochondrally ossified braincases and limb girdle bones. They also are the first group to 
have ossified vertebral centra; although chondrichthyans have hard vertebral centra they are formed from calcified 
cartilage. Endochondral bone is conserved in all bony fishes, including tetrapods. 


4,1,2 Characteristics Of Osteichthyes 





Eusthenopteron foord/ reconstruction 
The skulls in all osteichthyans, including ourselves, are complex assemblages of endochondral bones surrounded 
by dermal bones. The endochondral braincase of Eusthenopteron is covered over both dorsally and ventrally by 
dermal bones, many of which are homologous with our own skull bones. 
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Skull reconstruction of Eusthenopteron showing dermal bones 


The dorsal skull roof in Eusthenopteron is made up of a series of dermal bones that were inherited by tetrapods, 
including the parietal bones, which make up a large part of our skulls. Dermal tooth-bearing bones called the 
maxilla, premaxilla, and dentary form the margins of the mouth, covering the palatoquadrate and Meckel’s 
cartilages. Osteichthyans also have a large plate of dermal bone that covers and protects the gill arches, called an 
operculum. In many osteichthyans, including Eusthenopteron, there are additional bones in this area covering the 
gills: the preopercular, and subopercular. 


Osteichthyans have a well-developed pectoral girdle, which, like the skull, is composed of both endochondral 
and dermal elements. Their scapulocoracoids were endochondrally ossified, but osteichthyans also have a series 
of paired dermal bones posterior to the gill arches. The cleithrum is a dermal bone that connects to the 
scapulocoracoid. Posterior to the cleithrum is another dermal bone, the postcleithrum. The dermal bones dorsal to 
the cleithrum, which are going around the back of the skull, are the supracleithrum and the post-temporal 
bones. Ventral to the cleithra are the clavicles with a single interclavicle between them. All of these bones 
connect the pectoral girdle very firmly to the back of the skull; therefore, non-tetrapod bony fishes lack a flexible 
neck. 


4.2 Actinopterygii And Sarcopterygii: Two Vertebrate Success Stories 


All of the features we have examined up to this point are shared by all members of the Osteichthyes (at least 
primitively, many features are modified through evolution; therefore, our modern osteichthyans may lack some of 
these features). However, Osteichthyes is a clade made up of two sister groups: the Actinopterygii and the 
Sarcopterygii. The split between the two groups occurred very early after the evolution of bony fishes, and even 
the earliest fossil osteichthyans can be definitively placed as either actinopterygians or sarcopterygians. This means 
that although these sister groups are closely related and share some features, many more characters are unique to 
either actinopterygians or sarcopterygians. 


Both actinopterygians and sarcopterygians have fins supported by dermal fin rays called lepidotrichia. Their 
median fins are supported by long thin bones called radials. The most obvious difference between the fins of 
actinopterygians and sarcopterygians is that for which they are named. ‘Pterygium’ is derived from the Greek word 
for fin or wing, ‘actino’ means ‘ray’; therefore, ‘Actinopterygii’ means ‘ray fins’, and ‘sarco’ is derived from the Greek 
word for ‘flesh;’ therefore, “Sarcopterygii’ means ‘fleshy fins.’ In the sarcopterygians, the bones supporting the fin 
rays and their associated muscles are on the outside of the body of the fish, similar to our limbs. In 
actinopterygians, the paired fins are supported by radials that, along with their associated muscles, are embedded 
in the body of the fish. This means that their fins are webs of skin supported by fin rays. 


4,2,1 Actinopterygii: Success In The Water 





Cheirolepis reconstruction 


Actinopterygians are incredibly diverse, comprising nearly 99 % of all living fishes and occupying every aquatic 
environment. Most living ray-finned fishes are extremely derived and highly specialized, but some of their primitive 
features can be seen in Cheirolepis, another Devonian fish from Miguasha. 
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Actinopterygians like Che/ro/epis have a single dorsal fin, and their tails are heterocercal. Instead of an 
epichordal lobe of the tail - the part of the tail that is dorsal to the notochord - actinopterygians have rows of 
large scales. In later actinopterygians, the tail is modified and its external shape is symmetrical or homocercal. 
However, the tail skeleton remains asymmetrical and internally the tail is still heterocercal. 


Another synapomorphy of all members of Osteichthyes may surprise you: the ancestor of all bony fishes had 
lungs. Lungs in fishes are outpocketings of the esophagus that allowed fishes to swallow air to supplement the O 
they absorbed through their gills. Most sarcopterygians retained their lungs, but in almost all living 
actinopterygians, the lungs have been replaced by a swim bladder that is probably homologous to the lung. 





Polypterus reconstruction 


The main function of the swim bladder in actinopterygians is to help regulate the fishes’ buoyancy in the water 
column. The bichir Po/lypterus is a living ray-finned fish that branched off the actinopterygian tree very early. It is 
derived in many other ways, but lacked several synapomorphies of other actinopterygian groups, like the modified 
upper jawbones. It also retains many primitive characteristics, like lungs. Po/ypterus will actually drown if it is 
unable to breathe air, but can survive out of water for quite some time. 





Illustration of typical ganoid scales (‘The Guide to Collection of Fish Fossils’ by the ‘British Museum’) 


Primitive actinopterygians also have heavy, diamond-shaped scales made of dentine and deep layers of acellular 
bone. The surface of the scales is covered with thick layers of a shiny, hard, dense material called ganoine, which 
is a type of enamel. In many living groups of actinopterygians, these have been modified to become lighter and 
some groups have lost their scales entirely, but other groups like gars retain their heavy, shiny ganoid scales. As 
in teeth, the dense enamel-like ganoine makes these scales very durable, and they are extremely common fossils. 


Actinopterygians are one of the most successful groups of vertebrates. The oldest undisputed actinopterygian 
fossils are from the Late Silurian; they rapidly diversified toward the end of the Devonian, and they expanded into 
every aquatic environment in the world. They are a truly fascinating vertebrate success story. However, for the 
purposes of this course, since we are concerned with our own ancestry, we will focus mainly on the other group of 
osteichthyans: the sarcopterygians. 


4,2.2 Sarcopterygi!: Success On Land 


Sarcopterygians are the lobe-finned fishes. Although not as numerous as the Actinopterygii, the Sarcopterygii 
are certainly the most successful group of /and vertebrates. Cladistically speaking, humans, and all other tetrapods 
are part of the clade Sarcopterygii. The sarcopterygians included the ancestors of every land vertebrate to exist 
ever. In addition to colonizing land, the sarcopterygians have conquered the skies as birds, pterosaurs, and bats, 
and they have returned to the water as aquatic reptiles, amphibians, birds, and mammals. Their ability to adapt to 
and exploit new environments has led to the success of the sarcopterygian clade. It all began in the water, with the 
sarcopterygian fin. 
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4,2,3 Sarcopterygian Characteristics 


The paired fins in sarcopterygians are unique in that they are muscular and supported by articulating, robust 
endochondral bones that are external to the body wall. A single bone articulates with the limb girdle: the humerus 
in the pectoral fin, and the femur in the pelvic fin. These bones are homologous with our humerus (upper arm 
bone) and femur (thighbone). The fins contain other bones, but it is more difficult to homologize them with specific 
bones of the tetrapod limb. Eventually, their fins would become modified to form the tetrapod limb. 


Early sarcopterygians also differ from actinoptergyians in a few other ways. Many of these features are present 
in Eusthenopteron. Extinct sarcopterygians had scales made of lamellar bone, topped with a layer of spongy bone 
and a dentine-like material called cosmine, which is shiny but not as thick and heavy as ganoine. Cosmine is 
permeated by a network of tiny tubules that may have been part of an electrosensory system. Cosmoid scales are 
highly modified in all living sarcopterygians. 


Primitively, sarcopterygians also had two dorsal fins, and the tails in many sarcopterygians had a lobe on 
either side of the notochord, with both lobes supported by lepidotrichia. This type of tail is called diphycercal. 
Finally, sarcopterygian braincases formed as two distinct units that are joined together by a mobile hinge joint. On 
the skull roof of Eusthenopteron, you can see this hinge as a straight, unfused joint between the parietal and 
post-parietal bones. We are not sure what this ‘hinge’ was for, but one possibility is that it allowed the animal to 
open its mouth wider to take in larger prey. Tetrapods also inherited their skull bones from sarcopterygian fishes, 
although a few bones were modified or lost altogether in the transition from fish to tetrapod. 
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Ford’s Wets African Lungfish (Proceedings of ‘The Zoological Society of London) 


Sarcopterygians were a very diverse and successful group of fishes during the Devonian and Carboniferous, and 
frequently occupied the position of top predator. Today, they’re represented by only two groups of non-tetrapods: 
the coelacanths and the lungfishes. Lungfishes are bestknown for being able to breathe air using their lungs 
(hence the name). They were also very common during the Devonian, but are today represented by only three 
genera restricted to South America, Australia and Africa. Coelacanths were very diverse in the Mesozoic, but are 
today represented by a single genus, Latimeria. Latimeria is most famous for being rediscovered in a fish market in 
1938 after having been believed to be extinct since the Cretaceous. 





Latemeria reconstruction 


The group of sarcopterygians that contained our ancestors is one that fine-tuned their breathing apparatus. 
Basal osteichthyans could only get air into their lungs by gulping and swallowing it. Ray-finned fishes could also 
breathe air by swallowing it. Actinopterygians have a pair of small openings in front of each eye. These are the 
nares, which are homologous with our nostrils. Actinopterygians have paired nares; one is the excurrent naris 
and the other is the incurrent naris. Water flows in through the incurrent naris into the olfactory capsule, which 
allows the fish to ‘smell’ the water. It then flows out through the excurrent naris. The nares are not connected to 
the mouth, and the nares are not used for breathing. 
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In a group of sarcopterygians called the Tristichopteridae (and their descendants, tetrapods), the nares have 
been modified; therefore, that there is an opening on the inside of the roof of the mouth. You can see this in 
Eusthenopteron. Instead of incurrent and excurrent nares, it has external and internal nostrils. These connect the 
nares to the mouth, and therefore, to the lungs, meaning the nares could be used for breathing. These fishes could 
raise their noses above the water to inhale air, which they could then swallow to breathe more efficiently. It is 
possible that this allowed them to inhabit environments that were relatively poor in dissolved O. This is supported 
by the fact that fossils of basal tristichopterids like Eusthenopteron are found in deposits that indicate these fishes 
lived in mainly freshwater habitats; their relatively small eyes also suggest they lived in muddy water. 


Eusthenopteron is a typical example of what our last fully aquatic ancestors looked like, at the starting point of 
the fish-tetrapod transition. Unlike the origin of jaws, the origin of the tetrapod limb is one of the best-described 
transitional sequences in vertebrate paleontology. There is a clear and gradual change from fins to limbs in 
progressively more tetrapod-like fishes. To explore this transition in detail, we will look at some progressively 
tetrapod-like fishes, starting with Eusthenopteron. 


4.2.4 Transition And Tiktaalik 


Eusthenopteron has nostrils, but was otherwise still very much a typical sarcopterygian fish. It has two dorsal 
fins, a relatively short snout made up of many small bones, and its endochondral scapulocoracoid is connected to 
its skull via the cleithrum and other dermal bones of the pectoral girdle. The scapulocoracoid is relatively small. The 
attachment area for the humerus, called the glenoid fossa, faces backward and down (posteroventrally), and the 
limb bones are flat and bear lepidotrichia. Eusthenopteron is often depicted as somehow crawling out on land, or 
reconstructed in some way that suggests it was a tetrapod precursor, but there is no evidence to suggest it ever 
climbed out on land. In fact, as we will see, fish did not crawl out on land and then grow legs. Research that is 
more recent indicates that fish evolved tetrapod features while remaining aquatic. 





Panderichthys reconstruction 


Panderichthys was another Late Devonian fish even more closely related to tetrapods than Fusthenopteron. 
This is the first tetrapod-like fish, or tetrapodomorph, to show obvious adaptations for life in very shallow water. 
It is dorsoventrally flat, lacks dorsal and anal fins, and has a dorsoventrally-flattened skull. Its eye sockets are right 
on top of its skull, as are its spiracles, which were probably used to help supplement its air intake. This suggests 
the fish may have lifted the top of its head out of the water to breathe. 





Reconstruction of 7/ktaalik 


The skull in Panderichthys is more tetrapod-like than that of Eusthenopteron. It has a frontal bone in the skull 
roof and a longer snout than Eusthenopteron. This is closer to the condition in tetrapods, in which the back of the 
skull behind the eyes is short, and the snout is elongated. The intracranial hinge joint that we saw in 
Eusthenopteron is very convoluted and the two bones are sutured in Panderichthys, reinforcing the joint but 
meaning that the joint was no longer a mobile hinge. This reinforcement suggests that the skull sometimes had to 
withstand the force of gravity; Panderichthys may have lifted its head out of the water. Its pectoral fin skeleton is 
also more robust than that of Eusthenopteron. Panderichthys was probably an ambush predator, lurking in shallow, 
muddy Late Devonian waters with only the top of its head visible. 
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Another recently-discovered ‘fishapod’ has quickly made its way into popular culture as a beautiful example of a 
transitional fossil between fishes and tetrapods. 7iktaalik roseae was discovered in the Canadian arctic and 
first described in 2006 by paleontologists Neil Shubin, Ted Daeschler, and Farish A. Jenkins, Jr. 7/ktaa/ik is also a 
fantastic example of paleontologists using the available clues to look for what sfou/d be there, according to the 
existing fossil record, and finding it. At times, it can seem like fossils are found purely by luck, and sometimes luck 
does play a part. More often, however, a spectacular fossil find is the result of a lot of research and planning by 
paleontologists. 7/ktaalik, for example, was not found by accident. The team of paleontologists looked at the 
existing fossil record to figure out where and when they would be most likely to find a transitional fossil between 
fish and tetrapods that was more tetrapod-like than Panderichthys. Based on the existing fossil record, it was 
obvious that such a transitional fossil should exist. 


The researchers decided to examine rocks that were deposited between the age of Panderichthys and the 
earliest fossil tetrapods: these rocks would be 363,000,000 — 380,000,000 y old, from the Middle Devonian. They 
then looked for freshwater rock deposits of that age exposed at the surface, because the earliest tetrapods and 
tetrapod-like fishes from near that time are almost entirely from freshwater deposits. These requirements allowed 
them to narrow their search to three areas, Eastern North America, Greenland, and the Canadian Arctic. They 
decided to focus on Northern Canada, because so much of the area had not yet been explored by paleontologists. 
Therefore, that is where they went: Ellesmere Island, in the Arctic territory of Nunavut. They headed north in 
1999, and on the second expedition in 2000 they found Bird Quarry, which, 4 y later, would eventually yield 
multiple skeletons of 7/ktaalik. Tiktaalik was exactly when and where the scientists expected to find it, based on the 
existing fossil record and phylogenies. This makes it an excellent example of the kind of detective work 
paleontologists do to find fossils. 


Shubin, Daeschler, and Jenkins described the front half of the 375,000,000 y old tetrapod-like fish in 2006, and 
its pelvic girdle was described later, in 2014. 7/ktaa/ik shares a suite of features with sarcopterygian fishes and 
tetrapods, including scales, a lateral line system, and an unossified vertebral column. These all suggest that it 
spent most of its time in the water. 


Tiktaalik was really a fish with limbs, although it lacked feet. The pectoral fin in 7/ktaalik is very well-developed, 
with an elbow and a wrist that was capable of flexing. It could have supported at least some of its weight on its 
forelimbs, meaning 7/ktaa/ik could have pushed itself up using its front limbs. It also has a very robust pelvic girdle, 
although the pelvic fin itself has not been described. Additionally, 7/ktaa/ik has the beginnings of a flexible neck, as 
it had lost the dermal bones in the pectoral girdle dorsal to the cleithrum. This means that the pectoral girdle was 
no longer firmly connected to the head by bones, and 7/ktaa/ik could likely have raised its head. 7/ktaalik also has 
broad, overlapping ribs that it shares with early tetrapods. In tetrapods, these ribs support the body out of 
water and help with breathing air. Finally, 7/ktaa/ik has a large, dorsoventrally flattened head with a long snout, 
like a tetrapod, with large spiracular notches at the back. 


This discovery contradicts the popular depiction of a fish crawling out onto land, and then evolving into a 
tetrapod, since many tetrapod features had already evolved in 7/ktaa/ik, an aquatic fish. 


Why would an aquatic animal need all these tetrapod features? In particular, why 
would it need limbs? 


One clue to answering this question is the large spiracular notches in the skull of 7/ktaa/ik, it is possible that 
Tiktaalik pushed its head up to get its spiracles and nostrils clear of the surface of the water, to take in air. The 
bichir, Po/ypterus, exhibits similar behavior. It has been observed pushing its head above the surface of the water. 
This is most likely because it needs to breathe air with its lungs to get enough O. 


During the Middle-Late Devonian, land plants had become much more diverse and widespread, and all of this 
growth led to increased amounts of decaying plant matter in the water. As bacteria break down the plant 
matter, they use up the dissolved O in the water; therefore, all of this decay meant streams and lakes were 
depleted in O. In the Late Devonian, there was also an interval when the atmospheric O-concentration was lower 
than it had ever been before. It is possible that this low O-concentration created a selective pressure that favored 
the evolution of better air-breathing adaptations. This widespread anoxia was also a major factor in the 
Late Devonian extinction events that affected many marine organisms, like placoderms. 


The amount of O in air is generally higher than in shallow waters, like those found in the meandering stream 
and floodplain environments where 7/ktaal/ik lived. During this Late Devonian period of O-depletion, it would have 
been advantageous to be able to get O by breathing in air, instead of, or in addition to, getting O through the gills 
from water. A shallow water-dwelling fish like 7/ktaa/ik, with the ability to lift its head out of the water and support 
its body weight with its limbs, would have the best chance of survival. It might have even been able to leave the 
water for short periods. 
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Even though 7/ktaalik was an aquatic animal, the features that helped it thrive in its freshwater environment 
would prove to be beneficial for the first tetrapods. This is an example of exaptation, when a trait proves to be 
advantageous when used for something other than its original function. 


4.3. Tetrapods: Up On Their Feet 
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Acanthostega skeletal reconstruction 


The best-known early tetrapods here used to mean vertebrates with four limbs and feet with digits are 
Acanthostega and Ichthyostega. Both taxa are from the latest Devonian of Greenland. One of the more 
interesting features about these early tetrapods is that they have more than 5 digits, indicating that the 5-digit 
vertebrate foot evolved later. Acanthostega has 8 digits in its manus (hand), and probably just as many in its pes 
(foot), although the pes is not well Known. It has a tetrapod-like skull roof with a long snout and large eyes on top 
of its head. Its skull also has a pair of notches at the back that may have been spiracular notches. It had an 
ossified vertebral column, but like a fish its vertebrae were not differentiated into distinct neck and trunk 
regions. It also had fully functioning gills as an adult, a lateral line system, and a well-developed tail fin with 
lepidotrichia. The limbs in Acanthostega were tetrapod legs with digits, but they were likely not used for walking. 
The orientation of the limbs, pointing backward and down, suggests they could not have supported the animal's 
weight under the full force of gravity. 


In addition to the limb orientation, a few other features in Acanthostega suggest it most likely did not support its 
weight on its limbs. The radius is much longer than the ulna, meaning the elbow had a limited range of motion. 
The wrists and ankles are poorly developed. The hind limb is paddle-like, with flattened and overlapping tibia and 
fibula. This arrangement is common among aquatic animals, but it would have restricted the knee from bending. 
Its pelvis is also small, but was probably connected via ligaments to a sacral rib. In terrestrial tetrapods, the 
sacrum connects the pelvic girdle to the axial skeleton. A sacral rib meant that there was some connection 
between the hind limb and the backbone, although the back legs probably were not weight-bearing. 





Acanthostega reconstruction 


Acanthostega was almost certainly a primarily aquatic animal that also happened to have feet with digits. Digits 
have traditionally been thought of as essential terrestrial adaptations. Their presence in Acanthostega suggests that 
this is not necessarily the case, although we are not sure what function they may have performed in this aquatic 
animal. It could have used its limbs to push itself around the vegetation in the river channels in which it lived, and 
perhaps digits gave it a better grip. The presence of a sacral rib means it may have been able to support its weight 
out of water for a very brief time, even though it was probably not very efficient on land. 
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Ichthyostega, also from the latest Devonian of Greenland, was the first Devonian tetrapod to be found and 
described in 1932, and is likely the best-known early tetrapod. Its skeleton is much more solid and robust than that 
of Acanthostega. The vertebrae in IJchthyostega are differentiated into distinct regions, and the thoracic 
vertebrae (between the neck and lower back) bear expanded, overlapping ribs. The ribs overlap extensively 
that the animal’s torso could not have moved much side-to-side. This means /chthyostega must have flexed its 
spine more vertically than laterally. 


Ichthyostega has massive forelimbs and robust pectoral girdles. The cleithrum remains the largest part of the 
pectoral girdle, but the radius is shorter, in relation to the ulna, and more tetrapod-like than in Acanthostega. The 
wrist and manus have not yet been described. The pelvic girdle is robust and articulates directly with the sacral 
rib, but the hind limb is paddlelike. It has 7 toes in its pes, which points posteriorly. It would not have been able to 
rotate its toes forward, making it unlikely that the hind limbs were used for walking. 


Was Ichthyostega a terrestrial tetrapod as it is so often reconstructed? 





Reconstruction of Jchthyostega 


It is possible that it could have supported its weight on at least its front limbs out of the water. However, its 
elbows and knees have very limited ranges of motion, and the forelimb could not fully extend. Jchthyostega also 
has branchial arches and a small opercular element, suggesting it retained functional gills, as well as a lateral line 
system and tail fin. Taken all together, it seems J/chthyostega was primarily aquatic. Its proportions are 
somewhat like those of an elephant seal; perhaps it lurked at the water’s edge and could lunge out like a seal when 
it had to, using its front legs to hump along while stabilizing itself with its back legs. 


4.4 Fish Out Of Water 


Many of the features that today we think of as exclusive to tetrapods actually evolved in primarily aquatic 
animals and are exaptations. Acanthostega and Ichthyostega have limbs with digits, but they were in many other 
ways still fishes. 


4,4,1 Support 


Later tetrapods would continue to evolve increased skeletal support, allowing them to support their bodies 
outside of the water. Although early tetrapods remained aquatic as juveniles, they would eventually become 
terrestrial amphibians as adults. There are a few ways to tell whether tetrapods were primarily terrestrial. These 
have to do with the kind of adaptations that are necessary to be successful out of the water. 


In more terrestrially-adapted tetrapods, the paired limbs become larger, more robust, and more flexible, with 
well-developed shoulder, hip, elbow, knee, wrist, and ankle joints. The number of digits eventually stabilized at five 
or fewer. The sacrum became more robust, as did the vertebral centra. The neck became better-developed, and 
the first two vertebrae become modified to allow the head to move more freely on the neck. These two vertebrae 
are called the atlas and the axis. Terrestrial vertebrates also lose some of the features that they inherited from 
their aquatic ancestors, like gills, a lateral line, and fin rays. These are useful in the water, but served no function 
and may have been a hindrance on land. 


4,4,2 Sight And Sound 


Terrestrial vertebrates also had to sense things in their environment in entirely new ways. Fishes are very 
well-adapted to finding food in the water, but air and water refract light differently, requiring modifications to the 
lens of the vertebrate eye. The eye is a soft tissue structure, and soft tissues do not normally fossilize well. 
Therefore, changes in vision are not directly documented in the fossil record. However, skeletal features associated 
with the eyes of an animal can give clues to the type of vision it had. The placement of the orbits on top of its head 
suggests Fanderichthys may have been able to see out of the water. This suggests that the ability to see through 
air could have evolved long before the first terrestrial tetrapods. 
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Inner ear bones in fishes 


Unlike vision, changes in hearing are reflected in the vertebrate skeleton. The density of fish bodies is relatively 
close to the density of water. Therefore, sound waves can pass right into the inner ear and the otic capsule of the 
brain from the water with no loss of intensity. Fishes therefore do not require specialized adaptations to transfer 
sound to the inner ear canals. 


The Middle Ear 





Auditory ossicles 
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Round 
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TyMpank: cavity 
(middie ear) 


Bones of the middle ear 


Because air is much less dense than both water and vertebrate bodies, sound waves in air are reflected when 
they come into contact with the fluid in our inner ear canals. In order to hear, a terrestrial vertebrate requires a 
mechanism to collect and amplify sound waves and transmit them into waves that can be picked up by the sensory 
receptors in the inner ear. This mechanism is called an impedance matching middle ear. Impedance refers to 
the amount of resistance a substance presents to sound waves passing through it. If the impedance of two 
substances is very different, sound waves will bounce off the boundary between the two substances, rather than 
passing through it. Terrestrial vertebrates evolved a middle ear to compensate for the different impedances of the 
air in which they live and the fluid of the inner ear. 


In terrestrial vertebrates, the middle ear is composed of two main parts: the tympanum, or eardrum, and the 
stapes. The tympanum is a membrane of skin stretched over an opening in the skull that is homologous to the 
spiracular notch. The stapes is homologous to the hyomandibula, which supported the jaw in fishes. The middle 
ear cavity is therefore homologous with the spiracle in aquatic vertebrates. The tympanum collects sound waves 
and concentrates them. The stapes transmits those sound vibrations to a small opening in the otic capsule called 
the fenestra ovalis, or ‘oval window.’ By concentrating the sound into such a small area, it is amplified enough 
that it can be detected by the sensory cells in the inner ear. 
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Seymouria reconstruction 


It is difficult to determine whether a notch at the back of the skull is a spiracle or the tympanum, so 
paleontologists rely on the form of the stapes to tell us whether a tetrapod likely had an impedance-matching 
middle ear. If the stapes is large and robust, it is not well suited to transmitting sound waves in air, so it is more 
likely that it retained its original function as a structural support in the skull. In terrestrial animals with an 
impedance-matching ear, the stapes is modified to be slender and delicate, allowing it to effectively transmit and 
concentrate sound. Therefore, animals with skull notches, slender stapes, and no obvious aquatic adaptations like a 
lateral line, were probably primarily terrestrial as adults, with impedance matching middle ears. Seymourta, a 
Permian tetrapod from the US, is an example of a tetrapod with aquatic larvae, but fully terrestrial adults, with 
impedance-matching ears, robust limbs, stocky bodies, and short tails. 


4.5 Conclusions 


Once tetrapods were able to move and sense effectively on land, they rapidly diversified and spread all over the 
world, probably taking advantage of the arthropod prey housed in the first forests. All the features that they 
inherited from their early vertebrate ancestors would be passed down to their descendants, including ourselves. 
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Glossa 
a group of extinct, early jawed fishes; see phylogenetic tree 


acellular bone bone in which there are no cells; in the formation of acellular bone the 


bone is deposited in layers, and the osteocytes (cells that deposit bone) 
are not trapped inside the bone as in cellular bone 


age of Fishes the Devonian Period; a time when most of the main groups of fossil fishes 
had evolved and were thriving globally 
actinopteryglii a group of extinct and extant ray-finned fishes; see phylogenetic tree 


agnathan jawless fishes, a grade (non-monophyletic) of fishes 





ammonoids a group of extinct, marine cephalopods found in Devonian through 


Cretaceous deposits; ammonoids had a coiled, chambered shell with 
angular sutures between the chambers 





the median fin on the ventral surface of the body; may vary from none to 


2 fins depending on species 
analogous having a common appearance or function 
analogous features see analogues 
analogous structures see analogues 
analogous traits see analogues 


analogues features found in two or more organisms that appear similar or perform a 


similar function 

lacking in O 

anatomical location or direction; towards the head in a bilateral organism 
a group of extinct placoderms; see phylogenetic tree 

arandaspida a group of extinct Agnathans; see phylogenetic tree 


arthrodira a group of extinct placoderms; see phylogenetic tree 


barrier island a long, narrow island lying parallel to the shoreline that is formed by the 


astraspida a group of extinct Agnathans; see phylogenetic tree 


action of waves, currents, and wind; it protects the mainland from erosion 
and storms 





bilateral / bilaterally symmetrical | having a single plane of symmetry such that the left and right sides of the 


organism are mirror-images 
all of the organisms from a certain time or place 


a mineralized tissue incorporating calcium hydroxyapatite and Collagen 


refers to water containing more salt than fresh water, but less salt than 
sea water; specifically, brackish water contains between 0.5 - 3.0 % 
dissolved salts 


Burgess Shale 


a Cambrian fossil locality found in Yoho National Park, British Columbia, 
which preserves soft-bodied organisms 





calcium hydroxyapatite a complex mineral (phosphate of calcium); it forms the main structural 
element of bone 


Cambrian explosion the apparently sudden appearance of almost all modern major groups of 


animals in the fossil record, about 525,000,000 years ago 


carbonate (rocks) a type of sedimentary rock formed mainly from carbonate minerals such 


as Limestone and Dolostone 
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carbonate platform a large sedimentary structure formed from local calcareous deposits, which 


has topographic relief; formed by the accumulation of sediment in an area of 
subsidence 





a firm, flexible connective tissue that forms skeletal elements in vertebrates; 
cartilage is replaced by bone in endochondral bone formation 


cartilage 


the median fin at the posterior end of an aquatic vertebrate 


channel deposits features (point bars and lag deposits) that indicate deposition of sediments in 
the high energy area of a sinuous fluvial system; the high energy water flow 
erodes the channel bank, causing the channel to shift constantly with lateral 


accretion of sediment in the lower-energy, leeward side of a meander forming 
a point bar, and heavy material that falls out of suspension creating a lag 
deposit 


the hardened secretions of certain marine coelenterates that acts as the 





a fine-grained, silica-rich sedimentary rock 


Chondrichthyes a group of extinct and extant jawed, cartilaginous fishes (sharks and rays); 


see phylogenetic tree 


Chordata a Clade of animals containing vertebrates, tunicates, and cephalochordates 


a natural evolutionary group containing a single ancestor plus all of its 
descendants but no others 


a dermal bone of the pectoral girdle 


Collagen a type of protein secreted by cells in connective tissue 


convergent characters see analogues 


convergent features see analogues 


convergent evolution evolution in two unrelated lineages of a similar structure or analogue 


exoskeleton; many coral-forming animals live in large colonies and so form 
large reefs of coral in warm seas 


cornual plates wing-like projections from the head shield in some fossil Agnathans 


cross beds sedimentary feature created by the transport of gravel and sand by currents 
that flow over the sediment surface. It may occur at various scales and may 
represent deposition in water in river channels or coastal environments 
(ripples), or wind-deposition, creating sand dunes; a form of 
cross-stratification in which the individual strata are greater than 1 cm thick 





the arrangement of sediment layers that are deposited at an angle to the 
main stratification layer; often produced by the migration of sand dunes or 
ripples. 


cross-stratification see cross-strata 


cupola/cupula part of a sensory structure; the cup-shaped cap over the hair cells in the 
neuromast 
Cyclostomata a group containing hagfishes and lampreys, the living Agnathans; see 
phylogenetic tree 
sediments deposited at the mouth of a river, normally in an area with 
low tides and coastal plains 





dentary 
ganoine / enamel; found in teeth and scales of certain vertebrates 
a skin layer in vertebrates, derived from the mesoderm, that lies below the 


outer epidermis, which is derived from the ectoderm 


anatomical location or direction; towards the back in a bilateral organism 


; 
. . f 
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dorsalfin si a fin found on the back of a fish; there may be 0 


Ediacara Hills, Australia part of the Flinders Ranges of South Australia, well known for fossils of 
soft-bodied, early multicellular organisms; the locality lends its name 


(Ediacaran) to a biota, and has previously been used for biota’s from 
other areas (including Mistaken Point, Newfoundland, Canada) but these 
others are not actually of the same form or age as the Ediacara Hills biota 


endochondral bone embryonic elements are pre-formed in cartilage and later replaced by 
bone during ossification in the vertebrate skeleton 


endoskeleton the support structure of the body that lies internal to the skin 


endostyle a groove on the ventral surface of the pharynx in tunicates and 
cephalochordates, which produces mucous and aids in gathering food; 
believed to be homologous to the thyroid gland in vertebrates 

epicercal a caudal fin in which the body axis extends into the dorsal lobe of the tail 
and forms the upper margin of the fin 


estuary where the mouth of a river flows into the sea; estuaries are 
transitional environments with tidal flows in which the water changes from 
fresh to salt with the tides 


/Euramerica = sis Early Devonian supercontinent combining Laurentia, Baltica, and Avalonia 


Evaporite certain minerals that precipitate out of solution, forming a 
sedimentary rock; common evaporite minerals are calcite, gypsum, 
anhydrite and halite 


exoskeleton the support structure found on the outside of the organism's body; in 
those vertebrates that have an exoskeleton it is formed from dermal bone 
fenestra ovalis the entry point of sound into the vertebrate ear; the ‘oval window’ in 
which is positioned the distal end of the stapes in amniotes 
fluvial si processes associated with a river or a stream 
a group of extinct Agnathans; see phylogenetic tree 


ganoine a form of the mineral enamel found in some scales and bones of 
vertebrates 
a cartilage or bone structure that supports the gill tissue; develops from 
the pharyngeal arch 

















gill pouches a form of gill that is median to the supports; found in hagfishes and 
lampreys 


membranous structures supported on cartilage or bone that allow 
gas exchange between the blood and water; found in fishes and some 
amphibians 


Gnathostomata the group of jawed vertebrates; see phylogenetic tree 
gnathostomes see Gnathostomata 


Gondwana a large continent that formed in the Late Paleozoic; it included what are 
now Southern Europe, Africa, South America, Antarctica, and Australia. 





haemal / hemal arch the ventral bridge of cartilage or bone that forms in the caudal region of 
the vertebral column and protects the haemal artery 

Haikouichthys a Cambrian fossil vertebrate found in deposits about 525,000,000 years 
old in China 


herringbone cross-stratification a depositional feature normally indicative of tidal currents; cross-bedding 


of adjacent sets are oriented in opposite directions (forming a 
herring-bone pattern) 
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heterocercal a caudal fin (tail) that is asymmetrical; normally refers to the condition in 
which the body axis continues into the dorsal lobe of the caudal fin 
a group of extinct jawless vertebrates; see phylogenetic tree 


hollow dorsal nerve cord the type of sensory cord found in vertebrates in which the nerve runs 
along the back of the animal, and forms through a rolling up of the sides 
to form a hollow tube 


being derived from a shared ancestor 
homology see homology 


homologues characteristics of 2 or more organisms that are inherited from the same 
shared (common) ancestor 

hyoid arch the 2" pharyngeal arch of the vertebrate embryo; in most living fishes it 
forms the support for the jaws 


impedance-matching the transference of sound waves (vibrations) from one medium to another 
(e.g., from air to the fluid in the inner ear of vertebrates) in order to be 
detected; vibrations are poorly transmitted between 2 media (e.g., air and 
fluid) because of the difference between their densities and the speed 
that sound can travel within them (impedance is the product of the 
density of the medium and the speed sound travels within it), so in order 
to properly transfer the vibrations from air to the fluid in the inner ear, 
the sound waves must be amplified by a special device (the 

impedance matching mechanism) 


intramembranous ossification embryonic formation of bone by cells depositing bone directly in a 
membrane without having a cartilage precursor 
around the body axis 


Lagerstatte (singular), from the German “storage place”, describes any sedimentary deposit that 
Lagerstatten (plural) exhibits extraordinary fossils 











lagoon a shallow body of water partly isolated from the larger, main body of 


water by barrier islands or reefs 


lamellar bone a descriptive characterization of bone that is normally laid down slowly, it 


has an orderly, regular arrangement of fibers (Collagen) and usually a 
regular orientation of bone cells 


anatomical location or direction; towards either side, away from the 
midline, in a bilateral organism 
lateral line system a sensory system found in most fishes consisting of pored scales covering 
over neuromasts; detects the movement of water 


a large land mass now forming most of North America that was often a 
separate continent, usually united with the northwestern part of Scotland; 
during the Ordovician Period, Laurentia was equatorial and separated 
from 2 other large continents, Siberia and Baltica, by the Iapetus Ocean, 
but in the 1% half of the Ordovician, shallow seas covered most of 
Laurentia. 


lepidotrichia skeletal elements that support the fin rays in bony fishes 


a taxon of vertebrates diagnosed by the presence of hair and mammary 
glands; includes humans 


mandibular arches the jaws of a vertebrate 
the front foot or hand of a vertebrate 
a dermal bone of the upper jaw 


Meckel’s cartilage the skeletal element forming the lower jaw in early vertebrates and 
Sharks; functionally replace by the dentary in other vertebrates 
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anatomical location or direction; towards the midline ina 
bilateral organism 


Mistaken Point, NL a Precambrian (~575,000,000 — 560,000,000 y old) fossil locality 
preserving soft tissue remains 


MOTH 


the Devonian ‘Man on the Hill’ locality in Northwest Territories, Canada 


that has produced excellent fossils particularly of Thelodonti and 
Acanthodi 


myomeres muscle bundles that are visually differentiated into segments 
the bilaterally symmetrical skeletal element forms dorsal to the nerve cord 


a particular type of cell found in embryonic vertebrates that are shed from 





neural crest cells 
the lateral edges of the developing nerve cord as it rolls up to form a 
hollow tube; these cells are generally associated with sensory structures 





specialized sensory receptor found in the lateral line system of fishes, and 
in other vertebrate sensory systems (e.g., the inner ear) 


notochord a hydrostatic organ found in Chordata that provides structural support for 
the organism; may be lost and functionally replaced in vertebrates 


nuchal gap in placoderms, the space between the head and trunk shields 
odontoblasts specialized cells that produce dentine 


obducted the condition where oceanic crust is pushed up on top of continental crust 
when multiple plates are converging at a boundary 


a covering over the gill chamber found in most osteichthyan fishes 


Osteichthyes a taxon containing most gnathostome vertebrates, except sharks; see 
phylogenetic tree 


a taxon of extinct armored Agnathans; see phylogenetic tree 
a paraphyletic assemblage of extinct armored Agnathans 


palatoquadrate cartilage a Skeletal element that forms the upper jaw in early vertebrates; sharks 


retain this structure as the lower jaw but it is replaced by dermal bone in 
many other vertebrates 


paleocurrent ancient currents; sedimentary structures that indicate a paleocurrent 
include cross-beds and crest orientation of ripple marks 


Pangaea a supercontinent formed by the amalgamation of all known continents; 
the supercontinent formed in the Permian Period and lasted until the 
Early-Middle Jurassic 


paraphyletic assemblage a group of organisms that is not united by synapomorphies; a group that 
excludes some descendants of the common ancestor 
pectoral fin the anterior paired fins of fishes 


pelagic limestone a fine-textured sedimentary rock composed of at least 80 % 
Calcium carbonate (= Limestone) formed in relatively deep water (= 
pelagic) by the concentration of calcareous tests of pelagic protists 
(Foraminiferans); also called a ‘chalk’ when formed in a shallow open sea 


[pelvicfin. | the posterior paired fins of fishes 


perichondral bone a thinly laminated, acellular bone; normally deposited around 
other structures such as the embryonic cartilaginous precursors of the 











long bones in vertebrate limbs; in placoderms where perichondral bone 
was deposited around the nerves and arteries that passed through the 
cartilaginous braincase 


pharyngeal openings see pharyngeal slits 
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pharyngeal slits 


openings in the lateral walls of the pharynx of chordates; may be modified 





or lost in different groups; associated with gills in adult fish 


pharynx the region around the throat between the mouth and esophagus 


photic zone the top part of the water column in which light can penetrate with enough 
intensity to support photosynthesis 


pineal organ a gland in the vertebrate brain; in early vertebrates it is associated with 
an opening in the skull roof, which can be preserved in the fossils; in most 
modern vertebrates the gland produces a hormone (melatonin) that 
affects circadian rhythms and sleep patterns 


Placodermi a taxon of extinct early jawed fishes; see phylogenetic tree 


post-anali tail the continuation of the muscles and skeleton of chordates beyond the end 
of the digestive tract (the anus) 
postcleithrum a dermal bone found in the pectoral girdle of most fishes 


posttemporal a dermal bone found in the pectoral girdle of most fishes; this bone along 
with the cleithrum and supracleithrum form a connection between the 
pectoral girdle and the skull in fishes 


premaxilla a dermal bone found in the upper jaw of many vertebrates; usually bears 
teeth 


radial symmetry 


a feature formed by rock, sand or corals, lying below the surface of the 
water, up to a maximum depth of 80 m below the low water mark; reefs 
may be formed by abiotic processes (e.g., deposition of sand) or by 
biotic processes (e.g., corals) 


Sarcopterygli a taxon of bony fishes (Osteichthyes) that includes coelacanths, 
lungfishes, and Tetrapods; see phylogenetic tree 

scapulocoracoid an endochondral bone found in the pectoral girdle of vertebrates; some 
vertebrates have separate scapula and coracoid bones 


sclerotic ring bones found in the eyes of some vertebrates that aids in supporting the 
eye and keeping the eye’s shape, particularly under pressure in the 
aquatic medium or in animals with eyes that are not spherical; the ring 
may be formed by one or more bones; not found in mammals 











sedimentary structures features of the rock that formed when the rock was being deposited, for 
example, cross bedding and ripple marks; these features can be used to 
interpret the environment at the time the rock was deposited. 





fine-grained, sedimentary rock formed from mud, including clay minerals 
and very fine grains of other minerals such as silica and calcite; shales 
have thin parallel layers (lamina) < 1 cm thick 


also called Silicon dioxide, is a chemical compound found most commonly 
in the form of quartz; it forms a major part of sand and occurs widely in 
many plants 


sister group / sister taxa / the closest lineage to the taxon in question; a taxon and its sister group 


are the only 2 descendants of their closest common ancestor; the 
closest out-group to the in-group under study 


sister taxon 





a narrow land formation connected to the coast with one end that 
projects into the water; often form where the coastline abruptly changes 
direction, or across the mouth of an estuary 


spit (of land) 
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spongy bone a type of bone found in long bones that is filled with cavities for 
blood vessels, nerves, or bone-producing cells 


the 1% middle-ear bone of mammals; homologous to the columella of 
amphibians and reptiles, and the hyomandibula of fishes; the stapes in 
early Tetrapods braced the lower jaw, but in mammals it is part of the 
sound transmission system of the ear 


stromatoporoid an important group of reef-building invertebrates of the Ordovician, 
Silurian and Devonian 


supracleithrum 





a dermal bone in the pectoral girdle of some vertebrates; together with 
the posttemporal and cleithrum, it forms a connection between the 
pectoral girdle and skull in most fishes 


the condition where the connection (joint) between 2 elements (normally 
in the skull) is no longer mobile; sutures in vertebrates may be formed by 
bone, cartilage or connective tissue 





swim bladder a membranous sack found in most fishes which is predominantly used to 
regulate buoyancy; it may or may not be connected to the digestive tract 


symplesiomorphies Shared primitive traits; characters inherited from an earlier 
common ancestor 


synapomorphy a shared (from a common ancestor), derived character 


taphonomy the study of the processes (e.g., burial, decay, and preservation) and 
environmental conditions (e.g., currents, floods) that affect organisms 
during fossilization 
small polygonal units of bone that make up the dorsal and ventral 
head shields in some fossil Agnathans 

Thelodonti a group of extinct Agnathans; see the phylogenetic tree 


tidal current water flow occurs in conjunction with the rise and fall of the tide; 
vertical motion of the tides near shore causes the water to move 
horizontally, creating currents 








features or structures 


fturbidite the deposit of sediments from a turbidity current 


turbidity current a rapid flow of water, containing lots of sediments, that moves down a 
slope through clearer water; the higher density of the turbidity current 





caused by the sediments allows it to push through the less dense water 
tympanum also called the ear drum; a membrane associated with the ear in 
vertebrates that functions in hearing 
muscular folds in a lamprey used to pump water for feeding and 
respiration by compression and expansion of the pharynx 
anatomical location or direction; towards the front / belly ina 
bilateral organism 
Vertebrata / vertebrates a Clade of animals containing Agnathans and gnathostomes, including 
humans 


the depth to which surface waves affect a body of water 
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